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Mineral wetlands comprise most of historic wetland loss, yet few studies focus on 
mineral wetland soil organic carbon (SOC). We explore SOC across continuous hydrologic 
gradients within and among seasonally flooded mineral wetlands. First, we quantify SOC 
stabilization (e.g., organo-mineral associations and aggregates) across a wetland–upland gradient. 
Second, we examine relationships between hydrologic regime and SOC stocks among wetlands. 
From wetland–upland, saturation was highly variable in the transition zone. Organo-mineral 
associations peaked in the transition zone while large macroaggregate SOC declined from 
wetland–upland. Across wetlands, indicators of drying (e.g., minimum water level and 
summertime recession rate) were more related to SOC than inundation duration. From wetland 
basin–upland, SOC stocks were significantly related to both mean water level and relative 
elevation. We highlight relationships between SOC and the dynamic hydrology of wetlands, 
emphasizing the need for research on how changing hydrologic regime may influence mineral 
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Chapter 1: Hydrologic drivers of soil organic carbon stabilization in 
freshwater mineral wetlands 
Abstract 
Freshwater mineral wetlands store significant soil organic carbon (SOC) globally yet are 
vulnerable to degradation or loss from land use and climate change. Though physiochemical 
protection is a dominant control on SOC residence time in upland soils, the role of stabilization 
mechanisms in wetland soils is understudied. Seasonally flooded freshwater mineral wetlands dry 
annually, which may promote physiochemical stabilization. We investigated the relationship 
between SOC stabilization and hydrology across the aquatic–terrestrial interface of five 
seasonally flooded freshwater mineral wetlands (Maryland, U.S.A.). At each wetland, we 
monitored water level and collected samples at five points along a transect spanning from wetland 
edge to upland. We quantified organo-mineral associations and aggregate stability in mineral 
horizons of each transect point to 50 cm depth. From wetland to upland SOC decreased but 
dithionite-extractable iron (Fe) concentrations increased. Organo-mineral associations were 
highest in the transition zone and upland, whereas large macroaggregates contained the most SOC 
in the wetland and transition zone. Macroaggregates were associated with a greater proportion of 
total SOC than organo-mineral associations. Overall, our results highlight differences in SOC 
stabilization mechanisms across the hydrologically dynamic transition zone between wetlands 






Wetlands are a major component of the terrestrial carbon (C) cycle and sequester 
disproportionately high C stocks for their area (Mitsch et al. 2010, Mitsch and Gosselink 2015). 
Given the high C sequestration and potential to help offset rising C emissions, wetland soils are 
the focus of current conservation and restoration efforts (Griscom et al. 2017). Research to date 
has primarily focused on wetlands with organic soils, where continuously anoxic conditions 
suppress organic matter decomposition and are a strong environmental control on soil organic C 
(SOC) storage (Mitsch and Gosselink 2015). In contrast, less is known about the controls on SOC 
sequestration in mineral wetlands, which make up 38% of wetland area yet 80% of historic losses 
to wetland area globally (Bridgham et al. 2006). Some mineral wetlands are seasonally flooded 
and experience dry, oxic soil conditions on an annual basis (Brooks 2005, Cowardin et al. 2005). 
Soil C of mineral soil wetlands may be less vulnerable than organic soil wetlands to 
decomposition and loss during periodic drying if there are stabilizing interactions between SOC 
and mineral surfaces, as have been shown in upland soils (Kögel-Knabner et al. 2008). However, 
little is known about the role of SOC physiochemical stabilization in seasonally flooded mineral 
wetlands.  
Research on physiochemical stabilization of SOC has almost entirely focused on 
terrestrial soils (Grandy and Robertson 2007; Six, Elliott, and Paustian 2000; Blankinship and 
Schimel 2018), and generally shows that interactions with soil structure and surfaces protect SOC 
from decomposition by restricting microbial access (Schmidt et al. 2011, Lehmann and Kleber 
2015). For example, macro- (>250 µm) and micro- ( <250 µm) aggregates of soil particles 
promote anoxic microsites within which SOC is occluded and rendered spatially inaccessible to 
microbial uptake (Ebrahimi and Or 2016, Keiluweit et al. 2018). In terrestrial soils, aggregate size 
classes have been linked to fractions of SOC with distinct ages and chemical composition; 
macroaggregates are a dynamic, younger fraction closely related to plant detritus while 
microaggregates represent a more biologically processed, older fraction (von Lützow et al. 2006; 
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von Lützow et al. 2007; Six et al. 2004). Within aggregates, SOC that may otherwise be readily 
mineralized can instead persist for years to centuries, though macroaggregates may stabilize SOC 
for shorter time periods than microaggregates (von Lützow et al. 2006; Puget, Chenu, and 
Balesdent 2000).  
In terrestrial soils, organo-mineral associations are also known to play an important role 
in SOC physiochemical stabilization. Organo-mineral associations involve strong interactions 
between SOC and iron (Fe) or aluminum (Al) (hydr)oxides that stabilize SOC for up to centuries 
(Torn et al. 1997, Kleber et al. 2005, Mikutta et al. 2006, Wagai and Mayer 2007, Kögel-Knabner 
et al. 2008). The relative importance of organo-mineral associations in SOC stabilization is 
determined by the amount of reactive minerals in the soil and the distribution of mineral species 
which have distinct interactions with SOC. Different types of organo-mineral associations have 
varying stabilization strengths, ranging from strong adsorption of SOC to Fe (hydr)oxides to 
weaker chelation of SOC with Fe2+ (Kaiser and Guggenberger 2000; Coward, Thompson, and 
Plante 2017). Poorly crystalline Fe more readily forms organo-mineral complexes than crystalline 
Fe (Wahid and Kamalam 1993), but these associations are likely to be transient (Hall et al. 2018). 
Conversely, associations between crystalline Fe and SOC are more stable in the long-term, 
though much of this research comes from highly weathered tropical soils (von Lützow et al. 2006; 
Hall, Berhe, and Thompson 2018).  
Physiochemical stabilization may be promoted by the dynamic hydrology and mineral 
soils of seasonally flooded wetlands, which may be especially relevant at wetland perimeters. The 
perimeters of seasonally flooded wetlands are at the aquatic–terrestrial interface and are better 
characterized as “transition zones” due to frequent seasonal changes in water levels. Previous 
work has shown that transition zone soils become dry with water table drawdown during the 
growing season and contain intermediate C storage compared to basin and upland soils, though 
these studies do not quantify physiochemically stabilized SOC (Webster et al. 2011; 
Fenstermacher 2012; LaCroix et al. 2019). While the transition zone makes up only a small 
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portion of the area of an individual wetland, the unique hydrology and high perimeter to area ratio 
of small wetlands may contribute to important biogeochemical functions on the landscape scale. 
The dynamic hydrology of wetland transition zones may promote SOC persistence 
through aggregation and organo-mineral associations. Experiments with agricultural soils suggest 
that aggregate formation and stability are enhanced by alternating wet and dry conditions, organic 
matter inputs, roots and fungal hyphae, and clay content, all of which change across the transition 
zone of seasonally flooded wetlands (Denef et al. 2001; Park, Sul, and Smucker 2007; 
Blankinship et al. 2016). Dynamic hydrology also influences the strength of organo-mineral 
associations. For instance, poorly crystalline Fe species dominate in alternating wet-dry 
conditions (Wahid and Kamalam 1993). Poorly crystalline Fe species are also more likely to be 
solubilized and release C under reducing conditions than crystalline Fe, which may limit SOC 
stabilization with poorly crystalline Fe species to seasonally dry soil conditions. Physiochemical 
stabilization of SOC in transition zones of seasonally flooded wetlands may serve as an important 
yet currently unquantified SOC sink. 
Given the gaps in understanding how physiochemical stabilization mechanisms influence 
SOC sequestration of seasonally flooded wetlands, our objectives were to (1) quantify SOC and 
hydrologic characteristics from wetland to upland and (2) examine the relative importance of 
aggregation and organo-mineral associations at the terrestrial-aquatic interface of seasonally 
flooded wetlands. We investigated the change in stabilized C fractions at five seasonally flooded 
wetlands across a gradient of decreasing mean water level using selective Fe extractions and 
aggregate sieving. We hypothesize that the proportion of total C associated with macroaggregates 
and Fe will be greatest in the transition zone where hydrologic characteristics are most variable. 
2. Methods 
2.1 Study sites 
The study was located on the Delmarva Peninsula in eastern U.S.A., which is bordered by 
the Chesapeake Bay on the west and the Atlantic Ocean on the east. Mean monthly temperature 
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ranges from 1.3 °C (January) to 25.1 °C (July). Mean annual precipitation is 1105 mm (PRISM 
average from 1981-2010; Oregon State University 2019) and is distributed evenly through the 
year on average. Study wetlands are on two properties (<5 km apart) managed by The Nature 
Conservancy which contain numerous seasonally flooded freshwater wetlands. Water table 
fluctuations are primarily driven by seasonal changes in evapotranspiration, with maximum 
hydrologic expression in late spring and general wetland drawdown over the growing season 
from May through September (Brooks 2005). 
We selected five seasonally flooded mineral wetlands with similar soils and vegetation 
(Fig. 1.1B). The dominant soil map unit is the Hammonton-Fallsington-Corsica complex, Order: 
Ultisols, Suborders: Udults and Aquults (Soil Survey Staff, Natural Resources Conservation 
Service). Preliminary work showed very acidic soils (pH: 3.4–4.3); therefore, calcium carbonates 
were assumed to be negligible. In a preliminary dithionite-citrate-bicarbonate extraction of total 
aluminum (Al; Darke and Walbridge 1994), we found low concentrations of Al which were 
relatively unchanged across the transect (mean ± standard error: 2.8 ± 0.3 mg Al g-1 soil; data not 
shown). Surrounding forest is comprised of Acer rubrum, Quercus phellos, Liquidambar 
styraciflua, and Nyssa sylvatica overstory with Ilex opaca, Magnolia virginianica, Clethra 
alnifolia, and Vaccinium corymbosum understory.  
2.2 Field methods 
2.2.1 Transect location selection 
At each wetland, we established one 20–25 m transect with five evenly spaced points (4–
5 m apart) extending from the “basin edge” (transect point A) to the “upland” (transect point E; 
Fig. 1.1A). The basin edge was designated as the minimum extent of ponded water observed 
during the 2017 water year. The upland was designated as the higher elevation sandy rim area 
around a wetland (Stolt and Rabenhorst 1987a); specifically, the upland transect point was 
located where (a) upland trees and understory vegetation were present and (b) no hydromorphic 
soil features were found in the upper 50 cm of the soil profile.  
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2.2.2 Hydrologic conditions 
To characterize hydrologic conditions across the transition zone, we monitored water 
levels relative to soil surface in water year 2018 (October 1, 2017–September 31, 2018). Two 
wells were installed at each study wetland in September 2017, one to a depth of 2 m near the 
upland transect point and one to a depth of 1 m close to the wetland center. We collected water 
level data at 5 min intervals via HOBO water level data loggers (Onset Computer Corporation, 
Bourne, MA). Water levels from each well were averaged to daily timesteps and used to 
interpolate water level at each transect point, assuming a linear change in water table altitude 
from the point where water level intersects with ground surface to the upland well (Fig. 1.1A; 
Jones 2019). Though seasonally flooded wetlands are known to experience groundwater 
mounding and troughing throughout the year (Phillips and Shedlock 1993, Rosenberry and 
Winter 1997), we assumed linearity of water table altitude given the relatively small spatial scale 
and low-relief landscape. Interpolated water levels for each transect point were comparable to 
observed water levels measured at transect points biweekly from May to August 2018 (R2=0.87, 
Supplemental S1). Higher, more positive values for water level indicate wetter conditions at the 
wetland edge, while lower, more negative water levels indicate drier conditions in the upland.  
For the hydrologic analysis, we focus on continuous (i.e., mean water level) data instead 
of categorical transect point to more directly characterize the relationship between 
physiochemical stabilization and hydrologic conditions. All hydrologic metrics indicate 
consistently wet conditions at transect points A and B from 0–1.0 m soil depth, dry conditions at 
transect point D and E from 0–1.0 m soil depth, and variable hydrologic conditions consistent 
with a transition zone around transect point C (Fig. 1.1A; Table 1.2). Transect point A (wetland 
edge) was flooded (water level >0) for a mean of 56% of the year and transect point B was 
flooded for 20% of the year. At the upland end of the transect, points D and E were never flooded 
and water level was < -0.5 m below the soil surface for nearly the entire water year. Water level 
was > -0.5 m from the soil surface for one-third of the water year at transect point C (Table 1.2). 
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Mean water level at individual sample points ranged from -1.2 m at transect point E (below the 
soil surface; drier soil) to 0.1 m at transect point A (above the soil surface; wetter soil).  
Reducing conditions were measured by installing Fe-oxide painted Indicator of 
Reduction In Soils (IRIS) films (Rabenhorst 2018). At transect points A–D, five replicate films 
were installed to 50 cm depth on April 5-6, 2019 and removed after 30 days. We conducted a 
preliminary study in April 2018 by installing IRIS films at all transect points and found no Fe 
oxide paint removal (i.e., no reducing conditions) at transect points D and E. Therefore, we 
assumed 0% oxide paint removal at transect point E in April 2019. For each film, we recorded the 
maximum percent paint removal within a 10 cm zone and took the mean of the three replicate 
films with the greatest oxide removal at each sample point, following Castenson and Rabenhorst 
(2006). Images were processed with Adobe Photoshop version 20.0.4 (Adobe Creative Cloud, 
2019) and Matlab version 9.6 (Mathworks, 2019). 
2.2.2 Soil sampling 
Soils were sampled to 1.0 m depth in June 2018 at five transect points at each wetland 
and separated by pedogenic horizon (Supplemental S4). We collected soils with a gouge auger to 
50 cm depth and with a bucket auger from 50–100 cm depth. Three replicate cores were taken 
within 0.5 m of established transect points and replicate horizon samples were gently 
homogenized to obtain a representative sample for each transect point. A 200 g subsample was 
removed from each horizon for aggregate analysis. The remaining horizon samples were fully 
homogenized and transported to lab in a cooler.  
2.3 Soil chemical analysis 
Soil samples were analyzed by pedogenic horizon (5–6 horizons at each transect point) 
for pH, texture, and bulk C and N. Field moist samples were stored in coolers and processed 
within 48 h of collection. Soil pH was measured on a field moist subsample in a 1:2 ratio of soil 
to 0.01 M calcium chloride solution (Maietta et al. 2019). Bulk soils were subsequently air dried, 
ground and sieved to 2 mm, and stored for analysis of texture and Fe. Texture was determined for 
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mineral horizons by Brookside Laboratories (New Bremen, OH) using the hydrometer method 
(Gee and Bauder 1986). Bulk C (Cbulk) and N were measured using dry combustion (LECO CHN-
2000 analyzer; LECO Corp, St. Joseph, MI). 
2.3.1. Soil Fe and C extractions to determine organo-mineral complexation 
We measured total Fe concentration on all mineral horizon samples in the upper 50 cm 
using a dithionite-citrate-bicarbonate (DCB) extraction of total extractable Fe (hydr)oxides 
(FeDCB) following the method by Darke and Walbridge (1994). A separate extraction with acid 
ammonium oxalate (AAO) extracted poorly crystalline Fe (hydr)oxides (FeAAO; Darke and 
Walbridge 1994, Hall et al. 2018). For both extractions, supernatant was filtered through a 0.45 
μm nylon filter (Tisch Scientific) and analyzed on an atomic absorption (AA) spectrometer on an 
air-acetylene flame (Perkin Elmer, Waltham, MA).  
We analyzed mineral horizons from the upper 50 cm of soil for C associated with Fe 
(hydr)oxides using inorganic Fe extractions (Darke and Walbridge 1994, Lopez-Sangil and 
Rovira 2013, Wagai et al. 2013, Maietta et al. 2019). Protocols were developed from Maietta et 
al. (2019) to directly measure C associated with each solubilized Fe fraction. We conducted 
sequential extractions with potassium chloride (KCl) and sodium pyrophosphate (Pyro; Na4P2O7) 
on the same 0.5 g soil sample. A dilute KCl solution was used to prevent-overestimating organo-
mineral associations by removing labile organic matter from exchangeable sites; however, these 
data are not discussed further as the amount of C was associated with this fraction was negligible 
(range: <0.4 mg C g-1 soil). Sodium pyrophosphate solubilizes Fe complexed with organic matter 
(FePyro), which is considered chelated Fe (e.g., Coward, Thompson, and Plante 2017). On a 
separate 0.5 g dried soil we conducted a sodium dithionite-HCl (Dit-HCl) extraction (Maietta et 
al., 2019). Sodium dithionate with HCl is an inorganic method to remove total Fe oxides (FeDit-
HCl) and is intended to mimic the DCB extraction of total Fe without using an organic buffer that 
would prevent us from measuring C in the extractant (Supplemental S5). Extractant C 
concentrations represent the amount of C associated with each Fe species (Table 1.1).  
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Extraction procedures were as follows: a 0.5 g subsample of dried, ground soil was 
combined with 25 mL of extractant by shaking at 47 rpm for 16 h on a reciprocal shaker table 
(Model E6000, Eberbach Corporation, Ann Arbor, MI). Extractions were centrifuged for 5 min at 
12,000 rpm and supernatants were poured into clean HDPE bottles. The same subsample was 
extracted at least one additional time by adding 25 mL of the extractant and shaking on high for 1 
h to ensure total Fe removal. Extractions were centrifuged again, and the second supernatant was 
combined with the first. The volume of the combined supernatants was measured via a 
serological pipette and then syringe filtered to 0.45 μm using a nylon filter (Tisch Scientific, 
North Bend, OH). Combined, filtered supernatants were stored at 4 °C until analysis of total 
organic C concentration with a TOC/TN Analyzer (Shimadzu Corporation, Kyoto, Japan; 
Sugimura and Suzuki 1988) and Fe concentration with AA spectrometry as above.  
2.3.2 Water-stable aggregate fractionation to determine physical protection of C in soils 
We examined water-stable aggregates within mineral soils of the upper 50 cm of the soil 
profile across transect points via the wet sieving protocol established by Six et al. (2000) and 
modified for use in wetland soils by Maietta et al. (2019). Across the transect, some soils were 
relatively dry while others were saturated at the time of collection. Dry soils were passed through 
a 4.75 mm sieve within 24 h of sampling and dried for 7 days at room temperature (Six et al., 
2000). Wet soils were dried for three days at room temperature before passing through a 4.75 mm 
sieve. After 3 days, soils were solid enough to be broken gently by hand, yet soft enough to pass 
through the sieve without excessive force or rewetting. Very large macroaggregates that formed 
during the drying process were gently broken by hand to pass through the sieve. Soils were dried 
for 7 days at room temperature and stored for analysis. 
Soils were wet-sieved following Six et al. (2000) within two months of collection. This 
procedure separated four size classes: (1) large macroaggregates (> 2000 μm), (2) small 
macroaggregates (250-2000 μm), (3) microaggregates (53-250 μm), and (4) silt/clay minerals 
(<53 μm). Briefly, soils were slaked by submerging in deionized water for 5 min. Soils were then 
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sieved 50 times throughout 2 min on a 2 mm sieve. Water-stable aggregates remaining on top of 
the sieve were retained as the size class larger than the sieve (i.e., >2000 μm), while soil and 
water that passed through the sieve were carried to the next step. We repeated this sieving process 
with sequential sieves of 250 μm and 53 μm. Floating particulate organic matter was skimmed off 
the surface of the large and small macroaggregate size classes. Samples were dried at room 
temperature with fans until all water evaporated, then dried in a 65 °C oven for 7 days before 
weighing. Large and small macroaggregates were gently crushed, and rocks and roots were 
separated with a 1 mm sieve. The remaining mass for each size class was weighed and analyzed 
for total C and N using dry-combustion (LECO CHN-2000 analyzer; LECO Corp, St. Joseph, 
MI). Finally, we measured sand content in large macroaggregates, small macroaggregates, and 
microaggregates on a 5 g subsample from using the pipette method and subtracted sand mass to 
avoid overestimation of aggregate mass (Elliott et al. 1991, Six et al. 2002). 
2.4. Calculations  
We calculated the percent of total soil Fe (FeDCB) that is poorly crystalline (FeAAO), where 
higher FeAAO/FeDCB indicates that a greater proportion of Fe species are poorly crystalline and 
therefore more likely to be involved in organo-mineral associations (Hall et al. 2018; Coward et 
al. 2017; Table 1.1) 
Percent poorly crystalline Fe=𝐹𝐹𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴
𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷
× 100 Eq. 1 
We also calculated the proportion of C in bulk soil (Cbulk) extracted by either Pyro (CPyro) 
or Dit-HCl (CDit-HCl; Table 1.1). This normalized value allowed us to compare the relative 
proportion of C stabilized by organo-mineral associations while accounting for the differences in 
Cbulk across samples. 
Normalized Pyro-extracted C (mg C g-1 C)=𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 Eq. 2 
Normalized Dit-HCl-extracted C (mg C g-1 C)=𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷−𝐻𝐻𝐷𝐷𝑏𝑏
𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
 Eq. 3 
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The ratio of extracted C to extracted Fe for each extraction indicates the type of organo-
mineral association. The maximum ratio of C:Fe for sorptive associations is 0.22 g C g-1 Fe; 
therefore, C:Fe <0.22 indicates C sorbed to Fe (Kaiser and Guggenberger 2007; Wagai and 
Mayer 2007). Conversely, co-precipitation and chelation of organic materials with Fe oxides 
produce organic associations with higher C:Fe (Wagai and Mayer 2007, Coward et al. 2017).  
CPyro:FePyro (g C g-1 Fe) = 
 𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 Eq. 4 
CDit-HCl:FeDit-HCl (g C g-1 Fe) = 
𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷−𝐻𝐻𝐷𝐷𝑏𝑏
𝐹𝐹𝐹𝐹𝐷𝐷𝐷𝐷𝐷𝐷−𝐻𝐻𝐷𝐷𝑏𝑏
 Eq. 5 
For aggregates, we calculated both aggregate mass (massaggregate) and sand-corrected 
aggregate mass (massaggregate, sand-free). Aggregate associated C (Caggregate) is expressed on a mass 
basis out of bulk soil excluding rocks >1 mm (masstotal), equivalent to the concentration of 
aggregate-associated C (Eq. 6).  
Caggregate (g C g-1 soil)=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹 𝐶𝐶 × 𝑚𝑚𝐴𝐴𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎
𝑚𝑚𝐴𝐴𝑚𝑚𝑚𝑚𝐷𝐷𝑃𝑃𝐷𝐷𝑎𝑎𝑏𝑏
 Eq. 6 
We corrected aggregate C measured by dry-combustion (“Aggregate C” in Eq. 6) for 
sand content (Aggregate Csand-free). Sand correction is useful to interpret C across samples of 
varying sand content (Márquez et al. 2004); however, we decided not to use sand-free values in 
calculations to compare C with organo-mineral association data, which is out of bulk soil (e.g., 
not g C per g “sand-free” soil).  
Finally, we again calculated the proportion of total Cbulk for the sample that was 
associated with each aggregate size class. First, we calculated Aggregate C * massaggregate for each 
size class, then we divided by the sum (total) of Aggregate C * massaggregate for the entire sample 
(“Caggregate/Cbulk”, Table 1.1). This normalized value allows us to compare the proportion of C in 
each aggregate size class out of total C, relativized to differences in Cbulk of each sample across 
the transect.  
Normalized aggregate-associated C (mg C g-1 C)=
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹 𝐶𝐶 × 𝑚𝑚𝐴𝐴𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎
∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹 𝐶𝐶 × 𝑚𝑚𝐴𝐴𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷𝑎𝑎
 Eq. 7 
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2.5 Use of methods from upland soils to characterize physiochemical stabilization in wetland 
soils 
Organo-mineral extractions and aggregate size class separation are operationally defined, 
as such, there are caveats to their use in wetland soils. Drying soils before aggregate analysis 
standardizes soils and allows soils to be stored before analysis while avoiding the effects of 
freezing on SOC. Standardization is necessary because aggregate stability in field-moist soils 
may be a function of antecedent water content (Gollany et al. 1991). However, soil drying may 
favor the stability of macroaggregates (Beare and Bruce 1993). Sample drying may also cause 
rapid abiotic oxidation of reduced Fe, which may strengthen organo-mineral interactions by 
forcing contact between soil particles (Kaiser, Kleber, and Berhe 2015). These methods were 
selected for reproducibility and comparison with non-wetland soils; however, method 
development is necessary to understand the ecological significance in wetland soils of C fractions 
studied here. While stabilization analysis must be understood in the context of sample 
pretreatment, the real-world importance of these mechanisms may be greatest when wetland soils 
are seasonally dry and are not protected by the environmental stabilization of anoxic conditions. 
2.6 Statistical approach 
We conducted an analysis of variance (ANOVA) test to determine how hydrologic 
variables change across categorical transect points from wetland to upland. Separate ANOVAs 
were conducted to determine the effect of transect point on elevation, mean water level, 
maximum and minimum water level, duration of water level > -0.5 m, saturation events to -0.5 m, 
and IRIS removal (Table 1.2). We tested differences between transect points with Tukey’s 
honestly significant differences (HSD) test.  
While we collected soils across a transect at specific points from the wetland basin to the 
upland edge (e.g., A–E; Fig. 1.1), simply comparing differences across categorical transect points 
fails to capture the unique hydrologic conditions and variations that drive soil chemical and 
physical changes at each point. Therefore, we used mean water level at each transect point as a 
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continuous hydrologic variable to explicitly test the role of hydrology in C stabilization across 
wetlands. Our main effect for statistical testing was mean water level during water year 2018. A 
higher mean water level indicates wetter soils; a lower, more negative water level indicates drier 
soils. We also tested the effect of horizon depth. As the exact depth of each soil horizon varied, 
we categorized horizons in order of increasing depth: organic horizons (O); first mineral horizon 
(1); second mineral horizon (2); third mineral horizon (3); fourth mineral horizon (4). O horizons 
were excluded from this analysis because O horizons are relatively high in fresh organic matter 
inputs and low in mineral matrices necessary for stabilization. 
To test the effect of hydrology and soil horizon depth (e.g., differences among horizons 
1–4) on % Cbulk and C:Nbulk, we used linear mixed effects (LME) models with the lmer package in 
R (Bates et al. 2015). In each case, mean water level (continuous) and horizon depth (categorical) 
were fixed effects and wetland was the random effect. For each LME, degrees of freedom for the 
conditional F-test were calculated with the lmerTest package using the Kenward-Roger 
approximation from the package pbkrtest (Halekoh and Højsgaard 2014, Kuznetsova et al. 2017). 
We used backwards model selection following Zuur et al. (2009) to determine the best fixed 
effects structure. Random intercepts by wetland were included as part of the study design (Barr et 
al. 2013). Assumptions of normality and homogeneity of variance of model residuals were 
checked graphically. Full model results are in Supplemental Materials (Supplemental S6). 
We focused the remainder of our analysis of Fe and C dynamics within the upper two 
mineral soil horizons (i.e., 1 and 2), which comprise the top 50 cm of soil and experience the 
largest fluctuations in water level (Fig. 1.1A). We henceforth refer to these two mineral horizons 
as “upper soils.” To test the effect of water level and soil horizon depth (e.g., difference between 
horizon 1 and horizon 2) on organo-mineral associations and aggregate-associated C, we again 
used LME models following the steps detailed above. Separate LMEs were conducted on upper 
soils for pH, clay (%), poorly crystalline Fe (FeAAO/FeDCB), normalized organo-mineral associated 
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C (CPyro/Cbulk, CDit-HCl/Cbulk), aggregate-associated C and C:N (Caggregate, C:Naggregate), and 
normalized aggregate-associated C (Caggregate/Cbulk; Table 1.1).  
Initial analysis revealed that Fe dynamics in the upper soils (0–50 cm) showed different 
patterns between soils that experienced wet conditions throughout the year (“wet upper soils;” 
mean water level > -0.5 m) and soils that experienced dry conditions throughout the year (“dry 
upper soils;” mean water level ≤ -0.5 m). Thus, for soil Fe species and associated C (e.g., FeAAO, 
FeDCB, FePyro, FeDit-HCl, CPyro, CDit-HCl), we performed LMEs on these two groups separately to 
better describe the effects of hydrology on Fe species. 
To test the association between Fe and C extracted by the inorganic Fe extractions (e.g., 
Dit-HCl or Pyro), we used a multiple linear regression, again conducting separate analysis for wet 
upper soils and dry upper soils. The global model consisted of predictor variables of either FeDit-
HCl or FePyro, horizon depth, and the interaction, with the response variable of either CDit-HCl or 
CPyro. We conducted a backwards selection by removing nonsignificant terms and refitting the 
model to the final, reduced model (P <0.05). 
Finally, we tested the effect of aggregate size class on aggregate-associated C (Caggregate, 
C:Naggregate, Caggregate/Cbulk ) in upper horizons with ANOVA and post-hoc Tukey’s HSD tests.  
Statistical analysis was conducted using R statistical software v3.5.3 (R Development 
Core Team). Data organization and plotting was conducted with the packages tidyverse and 
cowplot (Wickham 2017, Wilke 2019).  
3. Results 
3.1 Hydrologic variables across transect points. 
Temperature in water year 2018 was within 30-year means. Mean monthly temperature 
ranged from -1 °C (January) to 26 °C (July; Fig. 1.2A). Precipitation was higher than average, 
with 1366 mm precipitation over the year. Low precipitation in November and December led to a 
relatively dry fall, while high precipitation in July and September led to a relatively wet summer.  
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During springtime peak water levels, soil reducing conditions (measured by reduction of 
Fe oxides on IRIS films in April 2019) were highest at transect points A and B (>95% reduction; 
Table 1.2). The range of reducing conditions at transect point C (range: 0.2–65% reduction) 
indicates the heterogeneity of oxygen availability within the soil profile in the transition zone. 
Reducing conditions were lowest at transect point D (<1% Fe oxide reduction) and were assumed 
to be 0 at transect point E. 
Water level at each sample point varied approximately 1 m over the year, indicating 
dynamic inundation typical for seasonal wetlands of this region (Fig. 1.2B). Across all wetlands, 
water levels rose from November to February and remained high until May. Water levels fell with 
summer drawdown from June to September, though water levels rose sharply in response to large 
storm events in July and September. Saturation within the upper 0.5 m of the soil profile was 
most variable across wetlands at transect points B and C (the transition between wetland and 
upland; P=0.00088; Table 1.2). Specifically, the number of individual saturation events within the 
upper 0.5 m was highest at transect points with a mean water level of -0.5 m (Supplemental S2). 
Since water level varied not only among transect points but within a given transect point (e.g., all 
C transect points), we present results as a function of mean water level instead of transect point 
for the remainder of this paper. Thus, when we refer to “dry upper soils”, we include the upper 
two mineral horizons (above 50 cm) at wetland sample points with mean water level ≤ -0.5 m, 
which include samples from transect points C, D, and E. In contrast, “wet upper soils” come from 
sample points with mean water level > -0.5 m, which includes samples from transect points A, B, 
and C.    
3.2 Basic soil properties  
Soil Cbulk concentration decreased with decreasing mean water level (i.e., drier soils; P 
<0.0001, Supplemental S6A; Supplemental S3A). In contrast, soil C:Nbulk increased with 
decreasing water level (P <0.0001, Supplemental S6B; Supplemental S3B). Toward the upland, 
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clay (%) decreased (P <0.0001, Supplemental S6C; Supplemental S3B) while % sand tended to 
increase (i.e., decreasing mean water level). 
Bulk soil C (%) decreased down the soil profile, as is typical for soils not affected by 
fluvial processes (P <0.0001, Supplemental S6A). There were no significant differences in clay 
content between upper soil horizons (i.e., horizon 1 and 2). There was no significant interaction 
between mean water level and soil horizon for Cbulk concentration or clay content, but there was a 
significant interaction for soil pH (P=0.0017, Supplemental S6D; Supplemental S3D). In horizon 
1, soil pH decreased with decreasing mean water level (i.e., drier soils), but in horizon 2, pH 
increased along the same gradient.  
3.3 Soil Fe and C dynamics 
The effect of water level on the mineral soil Fe species was analyzed separately for wet 
upper soils and dry upper soils. In wet upper soils, both poorly crystalline FeAAO and total FeDCB 
concentrations were low and were not related to mean water level (Fig. 1.3A). In dry upper soils, 
total Fe (FeDCB) concentrations were higher than in wet upper soils, but total Fe decreased with 
decreasing mean water level (i.e., drier soils; P<0.0001, Supplemental S6E; Fig. 1.3A). Similarly, 
poorly crystalline FeAAO concentrations were highest where mean water level was -0.5 m below 
the soil surface and decreased toward the upland (i.e., drier soils, P <0.0001, Supplemental S6F; 
Fig. 1.3A).  
The percent poorly crystalline Fe (FeAAO/FeDCB) declined with decreasing mean water 
level (P <0.0001, Supplemental S6G; R2=0.68, Fig. 1.3B). When mean water level was above soil 
surface (>0 m), nearly 100% of total Fe (FeDCB) was poorly crystalline (FeAAO), but only 25% of 
total Fe was poorly crystalline where mean water levels fell to -1.5 m below the soil surface (Fig. 
1.3B). 
For inorganic extractions, total FeDit-HCl and chelated FePyro followed similar patterns as 
total FeDCB and were again separated into wet upper soils and dry upper soils for analysis. In wet 
upper soils, chelated FePyro and total FeDit-HCl concentrations were low (<0.5 mg Fe g-1 soil; Fig. 
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1.4A–B). In dry upper soils, FePyro and FeDit-HCl concentrations were highest where mean water 
level was -0.5 m from the soil surface and declined toward the upland (P <0.0001 both cases; 
Supplemental S6H; Fig. 1.4A–B).  
Mineral-associated C followed similar patterns as extracted Fe (Fig. 1.4C–D). In wet 
upper soils, chelated CPyro and mineral-associated CDit-HCl showed no significant changes with 
decreasing water level. In dry upper soils, both chelated CPyro and mineral-associated CDit-HCl 
concentrations in soils were higher where mean water level was at least -0.5 m from the soil 
surface and decreased with decreasing water level (P=0.001 and P=0.00035 respectively, 
Supplemental S6I). 
To understand the proportion of total C associated with Fe across the entire wet to dry 
gradient, we calculated normalized CPyro/ Cbulk and CDit-HCl/ Cbulk proportions (mg C g-1 bulk C; Eq. 
4–5; Table 1.1). Both normalized CPyro/Cbulk and CDit-HCl/Cbulk proportions increased with 
decreasing mean water level (P <0.0001 both cases, Supplemental S6J; Fig. 1.4E–F).  
The relationship between extracted C and Fe was positive and linear in dry upper soils 
only, so these datasets were again separated for analysis. In dry upper soils, CPyro increased at 
approximately twice the rate of FePyro (P <0.0001, Supplemental S6K; Fig. 1.4G). For the 
dithionite-HCl extraction, CDit-HCl increased at approximately the same rate as FeDit-HCl in dry 
upper soils (P=0.0001, Supplemental S6L; Fig. 1.4H). The ratio of C:Fe in the extractant 
indicates the type of organo-mineral association. For wet upper soils, CPyro:FePyro was almost 
entirely >10. For dry upper soils, CPyro:FePyro was between 1 and 10. In wet upper soils, CDit-
HCl:FeDit-HCl was again high, but in dry upper soils CDit-HCl:FeDit-HCl was <2.0. 
3.4 Aggregate Fractionation 
Upper soils (0–50 cm) were separated into four size classes (large macroaggregates, 
small macroaggregates, microaggregates and silt/clay) to determine the effect of hydrology on 
SOC protection within aggregates. Aggregate C concentrations (Caggregate) significantly decreased 
with decreasing water level in the large macroaggregate size class only (P=0.00098, 
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Supplemental S6N; Fig. 1.5A-D). Among size classes, small and large macroaggregates 
contained the highest Caggregate concentrations, while microaggregates and silt/clay contained lower 
Caggregate concentrations (P <0.0001, Supplemental S6P).  
With decreasing mean water level (i.e., drier soils), C:Naggregate increased, as was observed 
in the bulk soil (P <0.0001 for all tests, Supplemental S6M). Among size classes, C:Naggregate was 
lowest in silt/clay size class, and highest for the macroaggregate and microaggregate size classes 
(P<0.0001, Supplemental S6P). 
Normalized Caggregate/Cbulk proportions (mg C g-1 bulk C) decreased with decreasing water 
level (i.e., drier soils) in the large macroaggregates, but increased with decreasing water level in 
all smaller size classes (P <0.05 for all tests, Supplemental S6O; Fig. 1.5E-H). Among size 
classes, normalized Caggregate/Cbulk proportions were highest in small macroaggregates, lower in 
large macroaggregates, and lowest in the smallest size classes (P <0.0001, Supplemental S6P). 
Aggregate-associated C concentrations declined or did not change down the soil profile 
(Supplemental S6N; Fig. 1.5A–D). Normalized Caggregate/Cbulk proportions declined in large 
macroaggregates but increased in microaggregates down the soil profile (P <0.05, Supplemental 
S6O; Fig. 1.5E–H). 
4. Discussion 
This study is the first to quantify aggregates and organo-mineral associations of SOC 
within seasonally flooded freshwater mineral wetlands across a continuous wetland–upland 
gradient. Our results demonstrate that mean water level is a strong predictor of organo-mineral 
associations and large macroaggregate-associated SOC. Additionally, we show that organo-
mineral associations change nonlinearly across transects from wetland basins towards upland 
(drier) sampling points where wetland water levels are most dynamic (hereafter, transition zone). 
Large macroaggregates may be especially important in reducing loss of wetland SOC during dry 
periods, evidenced by our finding that the proportion of total C in large macroaggregates 
increased from upland drier regions toward the wetland basin. In the wettest transect positions, 
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large macroaggregates contained a higher proportion of total C (average 50% of total C at 
wetland edge) than organo-mineral associations (up to 30% of total C in upland soils), which 
suggests that significant amounts of SOC is in organo-mineral associations and macroaggregates 
in the transition zone around the wetland perimeter. Potentially stabilizing associations with SOC 
in the transition zone may influence C processing at landscape scales since this zone constitutes a 
relatively high proportion of the total area in regions dominated by small wetlands with high 
perimeter-to-area ratios. By examining a continuous hydrologic gradient from wetland to upland, 
our study identifies linear and nonlinear trends in aggregation and organo-mineral associations 
across mean water level that may be overlooked by studying categorical wetland–transition–
upland. Overall, this research highlights the potential role of physiochemical stabilization 
freshwater mineral soil wetlands and indicates a need for more research on SOC stability during 
dry periods in these abundant yet anthropogenically vulnerable systems. 
4.1 Organo-mineral associations were highest in the wetland transition zone and uplands  
Our data suggest that organo-mineral associations between C and Fe are present across 
the transition zone at the wetland perimeter but not within in the wetland basin. We observed the 
highest accumulations of both total Fe (FeDCB) and poorly crystalline Fe (FeAAO) species in the 
transition zone (Fig. 1.3). In contrast, total Fe concentrations fell to the lowest levels in soils with 
an average water level within -0.5 m of the soil surface (above the soil sampling depth), which 
was unsurprising as Fe is likely to become reduced and translocated under these conditions 
(Fiedler and Sommer 2004, Chen et al. 2017). Recent research suggests that Fe accumulates at 
redox interfaces (Herndon et al. 2017), indicating that Fe–C associations may be abundant in 
hydrologically dynamic areas such as the transition zone. Prior research in seasonally flooded 
wetlands of the Delmarva Peninsula also found high Al and Fe concentrations in wetland 
“margins,” likely due to periods of transient groundwater mounding that cause Al and Fe to flow 
from uplands towards ponds (Phillips and Shedlock 1993). Because the transition zone is rarely 
flooded to the soil surface, Fe is more likely to be retained and contribute to organo-mineral 
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associations in upper transition zone soils than in flooded soils. A study of similar seasonally 
flooded wetlands found that Al was a stronger predictor of C content in lowlands than Fe 
(LaCroix et al. 2019); however, we focused on Fe in this research because preliminary sampling 
of study wetlands showed no change in Al concentrations across the wetland–upland gradient.  
Accordingly, C associated with Fe was highest in the transition zone (Fig. 1.4D). Both 
chelated C (CPyro) and total organo-mineral associated C (CDit-HCl) were highest in the transition 
zone and decreased linearly towards the upland. This finding adds to existing evidence that the 
accumulation of Fe increases Fe–C associations at redox interfaces (e.g., Riedel et al. 2013). 
While Fe–C associations were highest in the transition zone, the proportion of bulk soil C that 
was associated with total Fe (CDit-HCl/Cbulk) increased moving toward the upland (Fig. 1.4F). In 
uplands, up to 30% of bulk soil C was associated with total Fe (FeDit-HCl), but in wetter soils less 
than 10% of bulk soil C was associated with total Fe, suggesting that SOC in uplands is more 
likely to be in organo-mineral associations than SOC in wetter soils. Our work corroborates other 
studies finding organo-mineral associations at low Fe concentrations and high C:Fe ratios (1–20 
mg Fe g-1 soil; Moore and Turunen 2004, Kleber et al. 2005, Lopez-Sangil and Rovira 2013, Cloy 
et al. 2014, Maietta et al. 2019). For instance, Kleber et al. (2005) found stabilized C in acid 
subsoil horizons with poorly crystalline Fe concentrations in a similar range to those found in our 
study (1.0–3.0 mg FeAAO g-1 soil), indicating that the concentration of poorly crystalline FeAAO 
promotes SOC stabilization. Overall, our results add evidence that Fe-C associations exist non-
upland.  
In contrast to the transition zone and upland, Fe–C associations are much lower in 
wetland basin soils, which contained low Fe concentrations (<1 mg Fe g-1 soil) and only 10% of 
bulk soil C was associated with FeDit-HCl. Additionally, we found poor relationships between C 
and Fe in the wettest soils, suggesting that extracted C is likely not associated strongly with Fe. 
These results corroborate other work in mineral wetlands finding a lack of (hydr)oxides in the 
wetland basin by LaCroix et al. (2019), suggesting that wetland basin SOC is largely unprotected 
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by organo-mineral associations. LaCroix et al. (2019) also found that SOC in upper horizons of 
basin soils is more chemically reduced than upland soils. Therefore, we expect relatively reduced 
SOC in basin soils to be more susceptible to microbial decomposition under seasonally oxic 
conditions than transition zone soils. 
Though organo-mineral associations between C and Fe are prevalent in the transition 
zone, three lines of evidence from our results suggest these associations are relatively transient. 
First, the percent of poorly crystalline Fe (FeAAO/FeDCB) declined linearly from wetland to upland. 
Poorly crystalline Fe has a higher surface area than crystalline Fe and more effectively sorbs SOC 
(Kaiser and Guggenberger 2000), but also tends to be readily reducible and forms only transient 
associations with C that do not promote long-term C stabilization (Hall et al. 2018). Second, 
chelated CPyro was higher than total CDit-HCl, indicating a higher proportion of SOC in weaker 
organo-mineral associations. In contrast, the smaller pool of CDit-HCl is likely more strongly 
associated with Fe oxides (Coward et al. 2017; Heckman et al. 2018). Third, we found high ratios 
of extracted C to Fe in all samples (C:Fe > 1). The ratio of extracted C to Fe (C:Fe) indicates the 
type of organo-mineral association, where C:Fe <0.22 indicates strong sorption while C:Fe 
>>0.22 indicates weaker co-precipitation or chelation between SOC and Fe (Kaiser and 
Guggenberger 2007; Wagai and Mayer 2007; Coward, Thompson, and Plante 2017). We 
observed lower C:Fe in uplands than in wetlands, indicating that organo-mineral associations are 
stronger in upland forested soils (e.g., Kaiser and Guggenberger 2000; Zhao et al. 2016). 
However, high overall C:Fe in the present study suggests that associations are Fe-limited and 
coprecipitation or chelation is the primary mechanism of organo-mineral association (Wagai and 
Mayer 2007). Coprecipitation and chelation are typically transient associations which have high 
organic C content but are also more reactive and likely do not persist during seasonal flooding 
(Mikutta et al. 2014, Coward et al. 2017, Sodano et al. 2017). As the transition zone soils contain 
relatively high amounts of SOC, seasonal dynamics in organo-mineral associations may have 
unexplored implications for wetland C at the landscape scale.  
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4.2 Large macroaggregates contain the most SOC in wetland soils 
Large macroaggregates (>2 mm diameter) contained the most SOC in wetland soils and 
were most responsive to hydrologic gradients, indicating the potential for large macroaggregates 
to play a dominant role in physiochemical stabilization of C in wetland soils. Both C 
concentration (Caggregate) and the proportion of total C (Caggregate/Cbulk) in large macroaggregates 
were higher in basin wetland soils than upland soils (Fig. 1.5). While few studies have quantified 
macroaggregates in natural mineral wetlands, Maietta et al. (2019) and Hossler and Bouchard 
(2010) found that large macroaggregates store significantly more SOC than other aggregate size 
class in natural organic wetland soils. Large macroaggregates are a dynamic size class that have 
been shown to be responsive to changes in soil moisture in non-wetland soils (Blankinship et al. 
2016). Several of the wettest soils in this study did not contain large macroaggregates, which may 
be because macroaggregates to not form under continuously flooded conditions. Therefore, while 
hydrology is an important factor in macroaggregate C content, other variables not studied here, 
such as root activity, microbial biomass, and wet-dry cycles may also contribute to aggregation 
(Blankinship et al. 2016; Wright and Inglett 2009).   
Large macroaggregate formation and persistence in mineral soil wetlands may be 
promoted by both the influx of water with high dissolved organic C and seasonally dynamic 
water tables. The seasonal influx of C-rich water provides organic constituents that may increase 
macroaggregate stability through increased sorption between organic matter and minerals at 
aggregate surfaces, as has been shown in microcosm experiments on agricultural soils (Park et al. 
2007). Other research in our study wetlands has reported high dissolved organic C concentrations 
of 30 mg C L-1 on average and as high as 45 mg C L-1 (Armstrong, in prep.). Additionally, 
fluctuating moisture conditions promote macroaggregate stability in agricultural soils, as 
macroaggregates may reform to more stable conformations with wet-dry events (Kemper and 
Rosenau 1984, Denef et al. 2001). Further research explicitly studying the relationship between 
seasonal fluctuations in saturation and macroaggregates is necessary in wetland soils. 
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We found that smaller aggregate size classes (small macroaggregates, microaggregates, 
silt/clay) were associated with the majority of SOC in drier conditions but were generally less 
variable across the hydrologic gradient than large macroaggregates. The proportion of total C 
(Caggregate/Cbulk) associated with smaller aggregate size classes increased from wetland to upland, 
but the concentration of C in smaller size classes did not change across the gradient. As expected, 
smaller aggregate size classes contained lower C:N and C concentrations than macroaggregates, 
consistent with evidence that microaggregates and silt/clay consist of older, microbially derived C 
(Jastrow et al. 1996; Six, Elliott, and Paustian 2000). Importantly, SOC associated with smaller 
aggregate size classes in uplands may still be stabilized by strong adsorption reactions on mineral 
surfaces; however, the ecological significance of microaggregates and smaller size classes 
remains unresolved (Totsche et al. 2018). For example, one study found microaggregates 
contained some plant-derived C molecules which were not microbially processed, challenging the 
theory that microaggregates only contain highly processed SOC (Arachchige et al. 2018). 
Additionally, microaggregate C may be stabilized for longer time periods in soils than more 
dynamic macroaggregate C (von Lützow et al. 2007). Therefore, C in smaller aggregate size 
classes may still contribute to upland SOC stabilization despite a lower abundance of 
macroaggregates.  
Generally, relationships between aggregate-associated C and water level were weaker 
than relationships between organo-mineral associated C and water level. However, the proportion 
of total C in macroaggregates (Caggregate/Cbulk) was higher than the proportion of total C associated 
with Fe (CPyro/Cbulk and CDit-HCl/Cbulk), indicating that macroaggregates are a more important than 
associations with Fe for C storage in wetland basins and transition zones. Overall, the abundance 
of aggregates and organo-mineral associations in wetland and transition zone soils highlight the 
need for more research on the ecological significance of these fractions for wetland SOC storage, 
especially during seasonally dry conditions.  
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4.3 The significance of terrestrial-aquatic interfaces for wetland SOC storage at the landscape 
scale    
Our research suggests that transition zone of seasonally flooded freshwater mineral soil 
wetlands is a hydrologically dynamic aquatic-terrestrial interface with unique conditions that 
promote SOC storage and stability. Our research adds SOC physiochemical stabilization to the 
body of ecosystem processes (e.g. denitrification, gas fluxes) that may be enhanced at the edges 
of wetlands (Hefting et al. 2004, Creed et al. 2013, Ligi et al. 2014, Capps et al. 2014, LaCroix et 
al. 2019). More broadly, ecohydrological interfaces such as the transition zone experience 
increased rates of biogeochemical processing and, as such, are critical in determining ecosystem 
response to environmental change (Krause et al. 2017). Since small depressional wetlands 
contribute a greater fraction of total perimeter than total area, the transition zone may have 
implications for SOC storage and stability on the landscape scale. 
Further, our research indicates that examining a continuous hydrologic gradient across 
the wetland transition zone may reveal new insights into SOC processing. While several studies 
define the wetland-transition–upland as three categorical variables (e.g., LaCroix et al. 2019; 
Webster et al. 2008; Pearse et al. 2018), we found that mean water level was a useful continuous 
indicator of hydrologic conditions that allowed us to examine linear and nonlinear trends in SOC 
processes across wetlands. Importantly, our study defined the transition zone as the non-upland 
area with mean water level below 0.5 m soil depth and fluctuating saturation in the top 0.5 m of 
soil (Supplemental S2). Recent research in similar depressional wetland systems found low Fe 
where water levels rise to just below the soil surface and concluded that soils lacked mineral 
protection (LaCroix et al. 2019). However, by examining the entire wetland–upland gradient, our 
results show organo-mineral associations in soils that are influenced by wetland hydrology but 
are, on average, not inundated. Quantifying the hydrological variables in the transition zone is 
necessary for future work on this heterogeneous aquatic-terrestrial interface, particularly in low-
relief areas where local groundwater tables may cause periodic shallow saturation (e.g., within 50 
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cm below the soil surface) but not flooding across the transition zone (Phillips and Shedlock 
1993). 
Our work provides evidence that hydrology is a sensitive indicator of SOC characteristics 
across the wetland–upland transition. Clay has historically been used as proxy for SOC 
stabilization with mineral surfaces (Oades 1988), but recent research suggests that Fe and Al 
(hydr)oxides are better predictors of SOC in high moisture, acidic soils (Rasmussen et al. 2018). 
While both clay and hydrology change across the transect and are likely to influence SOC 
stability, hydrology exerts a strong control on wetland SOC dynamics (Mitsch and Gosselink 
2015) and also influences the distribution of both clay and Fe (hydr)oxides (Arndt et al. 2016). 
Further, hydrology and SOC are likely to change across similar, relatively short scales of time 
and space. Therefore, an explicitly hydrologic gradient provides insight into how SOC processing 
might change over time which may be useful to future studies of SOC.  
The future of stabilized SOC in the wetland and transition zone is uncertain because the 
hydrologic regime of seasonally flooded wetlands is vulnerable to changes in land use and 
climate (Kolka et al. 2018). Under current hydrologic conditions, transition zone SOC is expected 
to be stabilized by organo-mineral associations and aggregation as observed in this study. 
However, as more extreme weather events are predicted for the Mid-Atlantic with climate change 
(Boesch et al., 2015), increased incidence of severe precipitation, droughts, and warmer 
temperatures may lead to longer dry periods and more rapid transitions between wet and dry 
conditions. We expect SOC in the transition zone and upland to be relatively protected by 
associations with Fe, which may partially offset the effects of increased oxic conditions. 
However, the low abundance of Fe in wetland basin soils may lead to increased SOC loss in the 
future (e.g., Fissore et al. 2009), though macro-aggregation may mitigate some of these effects. 
Stability of SOC in the transition zone may not be resilient to all kinds of hydrologic change; for 
example, if the frequency of saturation and flooding within the upper 0.5 m of transition zone 
soils increases due to increased incidence of large storm events, leaching loss of Fe in the 
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transition zone may render SOC less stable during seasonal drying. Our work highlights the 
complex and uncertain influence of future hydrologic change on SOC loss, C emissions, and SOC 
sequestration in freshwater mineral wetlands (Bridgham et al. 2006, Kolka et al. 2018). As 
freshwater mineral wetlands emit 70% more methane than North American peatlands but 
potentially sequester C at equivalent rates (Bridgham et al. 2006), understanding the effects of 
changing hydrology on SOC stability and loss in mineral wetlands is critical. 
5. Conclusions 
Our results indicate that hydrologic conditions influence aggregation and organo-mineral 
associations, which may play an underestimated role in SOC storage and stability in seasonally 
flooded mineral wetlands. Overall, our results highlight distinct patterns in aggregates and 
organo-mineral associations across the hydrologically dynamic transition zone, suggesting that 
these mechanisms play unique roles in wetland perimeters and in wetlands that experience 
seasonal changes in redox conditions (e.g., floodplain wetlands).  
While the wetlands in this study are relatively small in area, the Delmarva Peninsula 
alone is estimated to contain 17,000 such wetlands (Fenstermacher et al. 2014). Therefore, the 
perimeters of many small wetlands are likely to have a significant cumulative impact on SOC 
stocks on the landscape scale. Mineral soil wetlands, particularly forested wetlands, are 
ubiquitous throughout the U.S. but are also highly vulnerable to loss due to climate change 
(Kolka et al. 2018) as well as development, silviculture, and agriculture (Dahl 2011). While 
wetland conservation and restoration tends to focus on restoring flooding to large wetlands, our 
results indicate that small, seasonally flooded wetlands have unique capacity for SOC storage. 
Our research emphasizes perimeters of seasonally flooded freshwater mineral wetlands as a 
critical but understudied component of landscape-scale wetland SOC storage that may be 
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Table 1.1  
Table 1.1. Description of soil characteristics. 




Table 1.2. Hydrologic data across transects for water year 2018, presented as means (standard 
error). Elevation is surveyed elevation relative to the center of the wetland. Days water level > -
0.5 quantifies duration of saturation within the upper 0.5 m of soil surface (water level > -0.5 m). 
Saturation events to -0.5 m is the number of instances that water level came within -0.5 m below 
the soil surface, indicating how dynamic saturation within sampling zone is at each transect point. 
Maximum percent IRIS removal is the maximum percent of reduced iron oxide paint by area 
within a 10 cm zone within the upper 0.5 m of soils, indicating relative reducing conditions in the 
upper soil profile. Lowercase letters represent significant differences among transect points 







Figure 1.1. Cross-section schematic of sampling design (Panel A). Elevation gradient shown is 
exaggerated to fit on the page; accurate elevation gradient shown in Supplemental S2. Panel B 







Figure 1.2: Temperature and precipitation were within expected 30-year normals, though rainfall 
was slightly higher than expected in summer (Panel A). Daily water levels at each wetland show 
differing hydrologic conditions across categorical transect points, with particularly variable 
hydrologic conditions at transect point C (Panel B). The black line indicates the soil surface, and 






Figure 1.3. Mean FeAAO and FeDCB concentrations for upper horizons (Panel A). Data was 
separated into two groups for analysis: samples from soils with a mean water level >-0.5 m (wet 
upper soils) and samples from soils with mean water level ≤ -0.5 m (dry upper soils). Panel B 






Figure 1.4. Properties of the organo-mineral associations for upper mineral horizons (1 and 2) for 
sodium pyrophosphate (left) and dithionite-HCl (right). Solid lines represent LME models where 
mean water level is significant. Only one line is shown for the LME model where differences 
between horizon (e.g., horizon 1 and 2) are not significant. Panels A–D and G–H are separated at 
a mean water level of -0.5 m into wet upper soils and dry upper soils.   
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Figure 1.5   
 
Figure 1.5. Aggregate C (Caggregate) and Normalized Aggregate-Associated C (Caggregate/Cbulk) vs. 
mean water level in upper soil horizons, by aggregate size class. Solid lines represent significant 
differences across mean water level in the LME models. Where differences between horizons 







Supplemental S1. Simple linear regression of water level measured at transect points biweekly 
from May to August 2018  and interpolated daily water levels to validate mean water level 






Supplemental S2. Number of saturation events above -0.5 m vs mean water level during water 
year 2018. Number of saturation events above -0.5 m is calculated as the number of times water 
level rose from below -0.5 m depth to above -0.5 m depth (i.e., the number of times that soil 
within the upper 0.5 m switched from being unsaturated to saturated), and is an indicator of 







Supplemental S3. Soil properties by horizon vs. mean water level for Cbulk (A) and C:Nbulk (C) 
to 1 m soil depth and for % clay (B) and pH (D) to 50 cm soil depth (upper soils).  Horizon class 
is ordered by depth within a core to compare pedogenic horizons across different soil types. 
Significant models are presented as solid lines (P <0.05). Where horizon class was not significant, 





Supplemental S4. Soil colors and elevations relative to wetland center. Blue dots represent soil 
sample relative elevation on transect. Horizon designations, colors, and percent redoximorphic 




Supplemental S5. We compared Fe and C removal across extractions on upper soils to better 
understand extraction efficiency. A paired t-test between FeDit-HCl and FeDCB revealed no 
significant difference in Fe extracted by the inorganic (Dit-HCl) and organic (DCB) extractions 
(paired t-test, t(97.6)=-0.51, P=0.61). The mean extraction efficiency for total Fe (FeDit-HCl/FeDCB) 
was 88.9% (standard error=2.3), with a median of 99.4%.  
 
Between the organo-mineral extractions, Dit-HCl extracted more Fe but less C in each sample 
than Pyro. FePyro/FeDit-HCl was 79.7%. The proportion of FeDit-HCl that was extractable by Pyro 
(FePyro/FeDit-HCl) decreases linearly with decreasing water level, falling by over half across the 
sampled range of water levels (simple linear regression, F(1,48)=21.2, P=3.0∙10-5). CPyro was 
much greater than CDit-HCl, as the mean percent of CPyro/CDit-HCl was 284.7% (18.06). Similar to 
FePyro/FeDit-HCl, CPyro/CDit-HCl also decreased significantly with decreasing water level (simple linear 






Supplemental S6. Statistical models: Parameters, F statistics, p values, and degrees of freedom 
(Kenworth-Rogers approximation) for the global model (left) and the reduced model (right) for 
all mixed effects linear models. Standard error (se) and standard deviation (sd) are presented with 
parameter estimates, as indicated. “Upper horizons” are in the top 0–50 cm of the soil profile and 
are comparisons among horizon 1 and horizon 2.  
S6A. LME model of Cbulk on mineral soil horizons to 1 m depth 
 
S6B. LME model of C:Nbulk on mineral soil horizons to 1 m depth 
 





S6D. LME model of pH on upper horizons 
 
S6E. LME global model of FeDCB on upper horizons, separated by mean water level of -0.5 m 
 
S6F. LME global model of FeAAO on upper horizons, separated by mean water level of -0.5 m 
 
















S6J. LME model of CPyro/Cbulk and CDit-HCl/Cbulk on upper horizons 
 
 
S6K. Simple linear regression between CPyro and FePyro for upper soils, separated by mean water 




S6L. Simple linear regression between CDit-HCl and FeDit-HCl for upper soils, separated by mean 

















S6O. LME model of Caggregate/Cbulk for upper soils, by aggregate size class 
 
 




Chapter 2: Soil organic carbon stocks are more related to metrics of wetland 
drying than inundation duration in seasonally flooded freshwater mineral 
wetlands 
Abstract 
Wetlands store significant soil organic carbon (SOC) globally. Freshwater mineral 
wetlands are less studied than peatlands but are highly susceptible to hydrologic alteration. We 
explore the relationship between SOC stocks and hydrologic regime in seasonally flooded 
freshwater mineral wetlands, both within and across wetlands. We measured SOC stocks, clay 
content, and Fe concentration to a depth of 100 cm at the center of 19 wetlands. At a subset of 12 
wetlands, we recorded daily water level to calculate metrics of hydrologic regime (e.g., mean 
water level, minimum water level, inundation duration, water level coefficient of variation, 
inundation recession rate). At a further subset of 5 wetlands, we measured SOC stocks to 50 cm 
across a transect from wetland edge to upland. Our findings suggest stronger associations 
between SOC stocks from 10–100 cm with hydrologic metrics of dryness (e.g., minimum water 
level, inundation recession rate) than wetness (e.g., mean water level, inundation duration). We 
also found high SOC stocks below 50 cm in the soil profile and depth-dependent relationships 
between SOC stocks, hydrology, and soil characteristics, indicating that large, deep SOC stocks 
may respond differently to change than shallow organic soils. Finally, we found generalizable 
relationships between SOC stocks and hydrologic indicators across the transect, which may be 
useful in modeling SOC stocks on the landscape scale. Overall, our study suggests that drying is a 
strong control on SOC stocks in seasonally flooded depressional wetlands, and we expect future 




Wetland soils contribute approximately 22% of soil organic carbon (SOC) storage in the 
conterminous United States despite comprising only 5% of the total land area (Lajtha et al. 2018). 
While wetland research focuses extensively on SOC storage in peatlands (Villa and Bernal 2018), 
freshwater mineral wetlands make up the majority of wetland area and account for one-quarter of 
wetland SOC storage in the conterminous U.S. (Bridgham et al., 2006). Freshwater mineral 
wetlands are vulnerable to agriculture and development, as 80% of wetland loss worldwide is 
from these ecosystems (Bridgham et al. 2006). As such, there is considerable interest in 
conservation and restoration of wetlands for SOC storage (Griscom et al. 2017), and quantifying 
controls on SOC storage is critical to wetland conservation and modeling. Previous research has 
documented large regional variability in wetland SOC storage across the U.S. (Nahlik and 
Fennessy 2016), among ecoregions and along disturbance gradients (e.g., Ballantine & Schneider, 
2009; Fennessy et al., 2018; Mitsch et al., 2013), and among wetlands of different types within a 
region (e.g., Bernal & Mitsch, 2012; Moreno-Casasola, Hernández, & Campos, 2017). However, 
due to the broad spatial scale of studies exploring SOC in wetlands of different types and 
disturbance levels, multiple factors controlling wetland SOC storage vary simultaneously among 
sites and present a challenge to elucidating the relative importance of each factor. 
At large spatial scales, SOC storage in wetlands is controlled by plant C inputs (Trettin et 
al., 2001), microbial communities (Yarwood 2018), climate (Osland et al. 2018), redox conditions 
(Chapman et al., 2019; LaCroix et al., 2019; McLatchey & Reddy, 1998), and soil properties such 
as parent material and texture (Angst et al. 2018). Hydrology, specifically wetland saturation and 
inundation, is considered a master variable that influences each of these factors by altering biotic 
communities, oxygen (O2) concentrations, and decomposition rates (Day and Megonigal 1993, 
Tarr et al. 2005, Mitsch and Gosselink 2015). Soils with a longer duration of saturation or 
inundation are assumed to contain more SOC due to anoxic conditions, which suppresses C 
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decomposition rates; however, to date surprisingly few studies have explicitly tested this 
hypothesis in freshwater mineral wetlands (e.g., Fennessy et al., 2018; Lewis & Feit, 2015). 
At a smaller spatial scale, several studies focus within individual wetlands to isolate the 
importance of hydrology (e.g., mean water level, duration of inundation) or landscape position on 
SOC dynamics (e.g., LaCroix et al., 2019; Pearse et al., 2018; Webster et al., 2011). These studies 
develop relationships between hydrology and SOC stocks across wetland–upland transects within 
individual wetlands, which can then be used to predict SOC stocks at the landscape scale (e.g., 
Webster et al., 2011). Studies across wetland–upland transects indicate that wetland perimeters 
contribute substantially to landscape-scale SOC stocks, even though these edge areas may not fall 
under the regulatory definition of wetlands due to insufficiently saturated conditions (Tiner 
1996). However, studies focused solely on SOC stocks within individual wetlands may not 
capture variation in SOC across wetlands (e.g., Pearse et al., 2018) and factors relevant to SOC 
storage (e.g., physiochemical stabilization) may vary in addition to hydrology across the wetland–
upland gradient. Therefore, sampling both within and among wetlands that vary hydrologically 
but are otherwise similar with respect to other drivers of C storage is needed for a more complete 
understanding of hydrologic controls on SOC than sampling across transects alone. 
Rather than focus only on duration of inundation or saturation, we examine multiple 
aspects of the hydrologic regime that may be important for oxic conditions and therefore SOC 
dynamics in freshwater mineral wetlands. Hydrologic regime (e.g., magnitude, frequency, 
duration, and timing) has long been the focus of riverine ecology, where biotic, sediment, and 
biogeochemical dynamics are known to be influenced by multiple aspects of the flow regime 
((Poff et al. 1997, Palmer and Ruhi 2019). Hydrologic regime is a strong control on wetland 
biotic communities and gas fluxes, which often depend on the magnitude and timing of 
hydrologic events (e.g., Crawford, 2003; Semlitsch & Bodie, 1998; Tangen & Bansal, 2019; 
Zedler, 2003), but few studies explore the relationship between wetland soil biogeochemistry and 
multiple aspects of hydrologic regime. We focus on indicators of hydrologic regime that describe 
52 
 
the seasonal variability and magnitude of wetland wetting and drying (e.g., inundation duration, 
mean and minimum water level, coefficient of variation, summertime inundation recession rate), 
which are likely to influence SOC processing in seasonal wetlands, including depressional 
wetlands and floodplain wetlands. Specifically, we expect these aspects of hydrologic regime to 
indicate relative differences in anoxic conditions across wetlands that influence wetland SOC 
decomposition and production (Reddy and Patrick 1975, McLatchey and Reddy 1998, Chapman 
et al. 2019).  
Seasonally flooded wetlands are a unique type of freshwater mineral wetland with 
hydrologic regimes that vary both spatially (i.e., among wetlands and across a gradient from 
wetland to upland) and temporally (i.e., seasonal drying and wetting). Due to their hydrologic 
variability, seasonally flooded wetlands are an ideal study unit to address the knowledge gap 
regarding hydrologic regime and wetland SOC stocks. Our first objective was to determine the 
relationship between hydrologic regime and SOC stocks across wetlands to determine which 
aspects of hydrologic regime might have the most predictive power and may be most useful for 
wetland C modeling. Our second objective was to quantify SOC stocks along a hydrologic 
gradient from wetland to upland to determine the importance of hydrologic regime across the 
landscape. We sampled soils to 1.0 m depth at 19 seasonally flooded wetlands less than 8 km 
apart to calculate SOC stocks and measured daily water level at a subset of 12 wetlands to 
characterize hydrologic regime. Additionally, we sampled SOC stocks to 0.5 m depth across a 
wetland–upland transect at a subset of five transect wetlands. We hypothesize that SOC stocks 
across wetlands will be higher in areas with longer duration of inundation and higher mean water 
level and will be lower in areas with a lower minimum water level, faster summertime recession 
rate, and higher coefficient of variation in water level. We also hypothesize that SOC stocks will 
decline across the wetland–upland gradient. This research explores relationships between SOC 




2.1 Study sites and climate 
The Delmarva Peninsula is a low-relief (<30 m elevation) region of the Eastern U.S.A. 
bordered by the Chesapeake Bay and the Atlantic Ocean. The climate of the Delmarva Peninsula 
is humid and temperate. Mean monthly temperatures range from 1.3 °C (January) to 25.1 °C 
(July; PRISM average 1981–2010; Oregon State University 2019). Annual precipitation is 1105 
mm on average and is typically distributed evenly throughout the year (PRISM average 1981–
2010; Oregon State University 2019). Hydrology in the region is driven largely by the combined 
effects of seasonal increases in evapotranspiration during the growing season (May–September), 
connections to groundwater and local streams, and topography (Brooks 2005). The Delmarva 
Peninsula contains an abundance of wetlands, though many of the historic wetlands have been 
drained for agriculture (Fenstermacher et al., 2014).  
We sampled soils at the center of 19 seasonally flooded freshwater mineral wetlands 
located within 8 km distance of each other and ranging in depressional area from 500–1100 m2 
(Fig. 2.1B). Study wetlands have also been called natural Delmarva Bays (Fenstermacher et al., 
2014; Stolt & Rabenhorst, 1987), geographically isolated wetlands (Tiner 2003), freshwater 
depressional wetlands (Jones et al. 2018), and Coastal Plain forested wetlands (Epting et al., 
2018; Lang et al., 2013). Study wetlands are located adjacent to large open-canopy wetlands with 
emergent vegetation that The Nature Conservancy began restoring in 2003. Study wetlands range 
from temporarily flooded to semipermanently flooded (Cowardin et al., 2005). Soils are acidic to 
very acidic (pH ~4). Typical soil series is the Hammonton-Fallsington-Corsica complex, though 
some soils are as Lenni loams or Corsica mucky loams (Soil Survey Staff, Natural Resources 
Conservation Service). Study wetlands were intentionally selected to lack emergent vegetation to 
isolate the impacts of hydrologic regime on SOC, and are surrounded by upland forests of Acer 
rubrum, Quercus phellos, Liquidambar styraciflua, and Nyssa sylvatica overstory with Ilex 
opaca, Magnolia virginianica, Clethra alnifolia, and Vaccinium corymbosum understory.  
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A subset of 12 from the 19 total wetlands were selected for hydrologic analysis by 
installing wells, as described below (hereafter, “well wetlands”). Out of the 12 well wetlands, a 
further subset of five wetlands were selected for intensive study of SOC stocks across an 
elevational gradient from wetland edge to upland forest (hereafter, “transect wetlands”). In 
addition to sampling at the center of each transect wetland, we established transects of five 
evenly-spaced points spanning 20–25 m from the edge of the wetland as observed during low 
hydrologic expression in November 2017, to a higher elevation upland point with understory 
vegetation where no hydromorphic soil features were present in the upper 50 cm (e.g., depletions, 
concentrations, thick organic layer, etc.). Total length from wetland’s center well to upland 
transect point ranged from 29 m to 54 m. 
2.2 Hydrologic variables 
In September 2017, we installed surface wells in each of the 12 well wetlands at the 
deepest point to a depth of 1 m to record water level in 5 min intervals (HOBO water level 
loggers; Onset Computer Corporation, Bourne, MA). Water levels of each well wetland were 
aggregated to daily timesteps to calculate water level metrics for water year 2018 (October 1, 
2017–September 31, 2018), including mean, minimum (5th percentile), maximum (95th 
percentile), range (maximum–minimum), and coefficient of variation, and percent of year 
inundated (Table 2.1). Due to dynamic water levels during the growing season, we also calculated 
summertime inundation recession rate as the linear change in inundation (i.e., water level above 
wetland soil surface) during the period in the growing season (May–September) where daily rain 
was <0.01 cm. For water year 2018, the largest recession event occurred June 11–July 18 (Fig. 
2.2B). In wetlands where water level fell below the soil surface during this period (n=4), we 
stopped calculating recession rate once water level was <0 m due to the differences in specific 
yield above and below the soil surface. Gaps in water level data were filled by creating linear 
models with water levels from wells in nearby wetlands, which were not part of the 12 well 
wetlands studied here (i.e., wells were only used for gap-filling; Jones, 2019). 
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At the five transect wetlands selected for intensive study of SOC stocks from wetland to 
upland, we also installed an upland well to a depth of 1 m. Water levels from the wetland and 
upland wells were used to interpolate water level at each transect point, assuming linear change in 
water table altitude from the point where water level intersected with ground surface to the 
upland well (Jones, 2019). While seasonally flooded wetlands may experience groundwater 
mounding throughout the year (Phillips and Shedlock 1993, Rosenberry and Winter 1997), we 
assumed that water table altitude changes linearly across the transect due to the short transect 
distance and low-relief landscape. We surveyed each transect point to measure elevation relative 
to the central wetland well. 
2.3 Field methods in wetland center and across transects 
At the center of each of the 19 total study wetlands, we collected two replicate soil cores 
to a depth of 1.0 m in August 2018. For well wetlands (n=12), samples were randomly located 
within 2.5 m of the well. Wetlands without a well were randomly sampled within 2.5 m of the 
deepest point in the wetland (n=7). Briefly, two replicate soil cores from 0–50 cm depth were 
collected in the center of each wetland depression by pushing a 5.08 cm diameter sharpened 
aluminum core into the organic soil, plugging the top of the core to create suction and prevent soil 
from falling out of the bottom of the core, and extracting the core from the soil. Compaction of 
each sample core was recorded to the nearest centimeter. Cores were sealed, transported to the 
lab, and frozen whole for sample processing.  
To collect soil from 50–100 cm, a McCauley peat sampler (Eijkelkamp Soil & Water, 
Morrisville, SC) was inserted into the same hole in two 25 cm depth increments (50–75 cm and 
75–100 cm). Depth increments were transferred into pre-weighed aluminum tins and transferred 
in coolers to the lab for processing within 24 hours. Where soil was too dense to sample with the 




At the five transect wetlands, samples were collected across the five transect points to 
calculate SOC stocks from 0–50 cm. At the two points closer to the wetland center a McCauley 
peat sampler was used to collect samples from 0–50 cm. Samples from the peat sampler were 
separated into increments of 0–10 cm, 10–30 cm, and 30–50 cm in the field, transported to the lab 
in coolers for processing within 24 h. At the three furthest upland points where sampling with the 
peat sampler was not possible, intact cores were collected from 0–50 cm with a sharpened 
aluminum core, as above. Cores were sealed, transported to the lab, and frozen whole for sample 
processing.  
2.4 Lab methods 
The following measurements and analyses are for all 19 wetlands unless specified 
otherwise.  
2.4.1 Bulk density 
We calculated bulk density for two replicates at each wetland center from 0–100 cm 
depth to constrain the well-known spatial heterogeneity in bulk density (Walter et al., 2016) and 
limit the potential for compaction to bias results. For soil cores from 0–50 cm, the frozen intact 
cores were thawed for 1 min under running water and extruded. We conducted a soil profile 
description for each core including horizonation, soil color, and hydromorphic features (e.g., 
depletions, concentrations). Cores were separated into the following depth increments: 0–10 cm, 
10–30 cm, and 30–50 cm. Intervals for depth increments were corrected for compaction using a 
simple linear correction shown in Equation 1, where lincrement is the length of the uncompacted 
depth increment (i.e., 10 cm for the 0–10 cm depth increment) and lcompacted is the length of the 
compacted depth increment. Linear correction assumes that compaction is evenly distributed 
across the core (Walter et al. 2016), which is less accurate than bulk density corrections that 
account for horizon differences in compaction. However, we believe this method is appropriate 
due to high organic matter in the upper 50 cm of soils, which indicates that compaction may 




𝐴𝐴𝑐𝑐𝐴𝐴𝐴𝐴𝑡𝑡 𝑐𝑐𝑐𝑐𝐴𝐴𝐹𝐹 𝑡𝑡𝐹𝐹𝑙𝑙𝐴𝐴𝐴𝐴ℎ (50 𝑐𝑐𝑚𝑚)−𝑐𝑐𝑐𝑐𝑚𝑚𝑐𝑐𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑐𝑐𝑙𝑙 (𝑐𝑐𝑚𝑚)
𝐴𝐴𝑐𝑐𝐴𝐴𝐴𝐴𝑡𝑡 𝑐𝑐𝑐𝑐𝐴𝐴𝐹𝐹 𝑡𝑡𝐹𝐹𝑙𝑙𝐴𝐴𝐴𝐴ℎ (50 𝑐𝑐𝑚𝑚)
× 𝑙𝑙𝑐𝑐𝑙𝑙𝑐𝑐𝐴𝐴𝐹𝐹𝑚𝑚𝐹𝐹𝑙𝑙𝐴𝐴  Eq. 1 
We measured bulk density for all depth increments (e.g., 0–10, 10–30, 30–50 cm from 
the cores and 50–75, 75–100 cm from the peat sampler). First, samples were dried in clean, pre-
weighed aluminum tins in a 65 °C drying oven for >7 days or until no further mass loss, and then 
weighed for dry soil mass (Massdry; Collins & Kuehl, 2001). We removed rocks and roots with 
volume >0.1 cm3 or mass >0.1 g.  Bulk density was calculated by dividing soil dry mass by core 
volume for each sample increment, accounting for roots and rocks (Poeplau et al. 2017).  
For wetlands in which we could not collect any soil for bulk density below 50 cm (n=5 
wetlands) we used average bulk density from the Web Soil Survey (Soil Survey Staff, Natural 
Resources Conservation Service). For wetlands in which we could only collect one profile sample 
from 50–100 cm due to high soil density, the bulk density value from the single profile sample 
was used (n=3 samples). In wetlands where high bulk density prevented us from collecting the 
full sample from 75–100 cm, C concentration and bulk density were assumed to continue to the 
full depth of the increment.  
2.4.2 Soil C concentrations, Fe concentrations, and clay content 
Mass loss on ignition (LOI) was determined  for all soil samples by weighing three 
replicates of 5 g oven-dry ground soil into crucibles and placing in a muffle furnace for 16 hours 
at 400 °C (Nelson and Sommers 1996). Samples were cooled to 65 °C and then immediately re-
weighed to determine mass loss, which is equal to the amount of soil organic matter. Soil C 
concentration was measured on a subset of 90 samples that spanned the entire range of measured 
sample values for mass LOI using dry combustion on a LECO elemental analyzer (LECO Corp, 
St. Joseph, MI). We developed two separate linear regressions between mass LOI and C 
concentration separately for soil horizons above and below 50 cm (R2=0.987 and R2=0.981, 
respectively) to predict SOC for all soils (Fig S3).  
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Soil texture analysis was conducted to estimate clay content in mineral soil horizons (30–
50, 50–75, 75–100 cm) on a composite sample at each wetland using the hydrometer method 
(Gee and Bauder, 1986). We measured total Fe (hydr)oxides (FeTotal) in dried, ground (<2 mm) 
soils in depth increments of 10–30, 30–50, 50–75, and 75–100 cm. Briefly, FeTotal was extracted 
from 0.8 g subsamples using dithionite-citrate-bicarbonate (Darke and Walbridge 1994). 
Supernatant FeTotal was analyzed on an atomic absorption spectrometer on an air-acetylene flame 
(Perkin Elmer, Waltham, MA).  
2.5 SOC stock calculations 
Mean SOC stocks (kg C m-2) were calculated by multiplying the C concentration in each 
depth increment by the bulk density and sample length, as in Eq. 2, where C is in g C g-1 soil and 
bulk density is in g cm-3. We summed stocks for all depth increments of interest in each soil 
profile and took the mean of the two replicate cores for total SOC stocks.  
𝑆𝑆𝑆𝑆𝑆𝑆 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑆𝑆 ∗ 𝑏𝑏𝑏𝑏𝑙𝑙𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠𝑑𝑑 ∗ 𝑙𝑙𝑐𝑐𝑙𝑙𝑐𝑐𝐴𝐴𝐹𝐹𝑚𝑚𝐹𝐹𝑙𝑙𝐴𝐴 ∗ 10  Eq. 2 
To compare SOC stocks of depth increments which differ in length, we also calculated 
normalized SOC stocks accounting for the length of the increment (i.e., g C cm-2 in 1 cm soil 
increment) by dividing SOC stock of each depth increment by the length of the increment.  
2.6 Statistical methods 
We conducted an initial analysis to test spatial autocorrelation between wetlands in close 
proximity with the Global Test for Spatial Autocorrelation using the R packages sp and spdep 
(Bivand, Pebesma, & Gomez-Rubio, 2013; Bivand & Wong, 2018; Pebesma & Bivand, 2005). 
This analysis showed no evidence of spatial autocorrelation in SOC stocks from 0–100 cm (Fig 
S2, Moran’s I=-0.0049 (0.19), p=0.42), we therefore proceeded with linear regressions on the 
assumption that SOC stocks were randomly distributed through the study area. 
We tested differences in soil characteristics (e.g., C concentration, SOC stock, bulk 
density, clay content, and FeTotal concentration) across depth increments at all 19 wetlands with an 
analysis of variance (ANOVA) test and post-hoc comparisons with Tukey’s honestly significant 
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differences (HSD; Supplemental S4B). We used simple linear regression to test the relationship 
between basic soil characteristics (e.g., bulk density, clay content, and Fe concentration) and C 
concentration separately for each depth increment (Supplemental S4C). We similarly tested the 
relationship between clay content and SOC stock and between clay content and bulk density 
using simple linear regression by depth increment (Supplemental S4C). 
To test the relationship between SOC stocks and water level metrics across wetlands by 
depth increment, we conducted individual linear regressions for each predictor and corrected p-
values for multiple tests using the Holm adjustment (Holm 1979). Our predictor variables were 
water level metrics of percent of year inundated, mean water level, minimum water level, water 
level coefficient of variation, and summertime recession rate (Table 2.1). Predictors were 
centered around 0 and scaled to +/- 2 before analysis to correct for differences in scale among 
metrics. To account for similarities among depth increments from the same wetland, we specified 
a first-order autocorrelation structure and corrected each model with the autocorrelation function, 
following Mangiafico (2016). Adjusted R2 was approximated by the Nagelkerke pseudo R2 
(Nagelkerke 1991). Upon exploratory analysis of our data, we determined that SOC stocks in the 
0–10 cm depth increment (organic horizon) showed no trends with water level metrics; therefore, 
we proceeded with analysis with SOC stocks from depth increments below 10 cm. Following our 
analysis of SOC stocks and water level metrics among depth increments, we conducted simple 
linear regressions with total SOC stocks from 10–100 cm using only significant predictors from 
the depth-specific analyses. We again applied the Holm p-value correction for multiple tests. 
Finally, we used simple linear regression to test the relationship between SOC stocks and 
hydrologic variables across a hydrologic gradient (i.e., center well and five transect points) at the 
five transect wetlands. Initial data exploration showed differences between 0–10 cm depth 
increment and 10–50 cm depth increment; therefore, we separated our analysis into SOC stocks 
from 0–10 cm and 10–50 cm. We conducted two separate analyses with the predictor variables of 
water level and elevation relative to the center of the wetland. Initially, we conducted a linear 
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mixed effects model with wetland as a random effect to account for the differences in SOC stocks 
(intercept) across wetlands using the lmer R package (Bates et al. 2015). However, the log-
likelihood ratio test showed that including wetland as a random variable did not significantly 
improve either model (Zuur et al. 2009; Supplemental S4D; Supplemental S5). Therefore, we 
removed the random term for wetland and instead conducted a separate simple linear model for 
each predictor variable (Table 2.3).  
All analyses and graphing were conducted in R with the package tidyr, sf, raster, nlme, 
rcompanion,  ggpmisc, cowplot, and gridExtra (Aphalo, 2016; Auguie, 2017; Hijmans, 2019; 
Pebesma, 2018; Wickham, 2017; Wilke, 2019).  
3. Results 
3.1 Wetland hydrology 
Water levels were seasonally dynamic in water year 2018 (Fig. 2.2B). Water levels rose 
January–February and remained high February–May. Water levels declined as temperatures rose 
from 5 °C (March) to 20 °C (May) at the beginning of the growing season. Water levels 
continued to decline linearly as temperatures rose to 20–30 °C during the rain-free period in June 
and July, with water level at four wetlands dropping below the soil surface in mid-July. Water 
levels rose in response to a large storm event in July, but low rain in August caused water levels 
to fall to their lowest point in the year.  
Precipitation was 1366 mm during water year 2018, which is higher than the average 
annual precipitation from the 30-year mean (1105 mm; Oregon State University, 2019). Total 
precipitation was 1169 mm in the prior water year 2017, which is closer to the average annual 
precipitation (PRISM, Oregon State University, 2019). Temperature followed typical seasonal 
patterns during water year 2018 (Fig. 2.2A).  
All wetlands were inundated at their center (water level >0 m) for >80% of the water year 
(Table 2.1). Water levels were dynamic and ranged by 0.70 m over the year, on average (Table 
2.1). Summertime recession rates ranged from -1.1 cm day-1 to -2.0 cm day-1. Wetlands with a 
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wider annual range in water levels also experienced more rapid summertime recession, indicating 
that summertime drawdown is related to the magnitude of annual hydrologic fluctuation 
(P=0.006, Supplemental S4A).  
3.2 How do C, bulk density, clay content, and Fe change throughout the soil profile? 
We observed a nearly tenfold decline in C concentration from surface soils (0–10 cm) to 
deep soils (75–100 cm; P <0.0001; Fig. 2.3A; Supplemental S4B). In contrast, bulk density 
increased with depth, ranging from 0.27 g cm-3 in surface soils to 1.30 g cm-3 in deep soils (P 
<0.0001; Fig. 2.3C; Supplemental S4B). Soil texture changed with depth, but the difference 
varied widely between wetlands (Fig. 2.3E). Soil texture classes in the wetland center were 
mostly clay loams, silty clay loams, silty clays, and clays. Fewer than 10 samples were loams or 
sandy loams. Mean clay was 40% in the 30–50 cm depth increment and was lower in deep soils 
(P=0.003; Supplemental S4B). There were no significant differences in SOC stocks (kg C m-2) 
between 0–10 cm, 10–30 cm, and 30–50 cm. However, SOC stocks were significantly higher in 
the 50–75 cm depth increment than all other increments (P<0.0001; Fig. 2.3B; Supplemental 
S4B). Because the length of depth increments varied, we also normalized SOC stock to the length 
of each increment. Normalized SOC stock (i.e., g C cm-2 in 1 cm increment) was high in the 0–10 
cm and 50–75 cm depth increment and was lowest in the deepest soils (75-100 cm), though the 
only significantly different segment was the upper 0-10 cm zone (P<0.0001; Supplemental S4B). 
We found high FeTotal concentrations at depth (>50 cm) for several wetlands, though most 
FeTotal concentrations were <5 mg Fe g-1 soil. Mean FeTotal concentrations increased with depth 
from 1.3 mg Fe g-1 soil at 10–30 cm to 7.2 mg Fe g-1 soil in deep soils (75–100 cm; P=0.0007; 
Fig. 2.3G; Supplemental S5B).  
We examined relationships between basic soil characteristics (bulk density, clay, and 
FeTotal) and SOC within each depth increment. The relationship between bulk density and C 
concentration followed expected patterns, as C concentration declined with increasing bulk 
density in each depth increment (P <0.0001; Fig. 2.3D; Supplemental S4C). Concentrations of C 
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declined with increasing clay in the 30–50 cm depth increment (P=0.001; Supplemental S5C). In 
contrast, C concentrations increased with increasing clay in the 75–100 cm depth increment 
(P=0.024; Supplemental S4C). Similarly, SOC stocks increased significantly with increasing clay 
only in the 75–100 cm depth increment (P=0.0002; Fig. 2.3F, Supplemental S4C). There was no 
statistically significant relationship between FeTotal and C concentration; however, we observed 
the highest C concentration in samples with low FeTotal (10–30 cm depth increment) and the 
lowest concentrations of C in deep samples with high FeTotal (below 50 cm; Fig. 2.4H). 
3.3 How are SOC stocks across wetlands related to water level metrics? 
Across wetlands, mean SOC stock from 0–100 cm was 32.2 kg C m-2. For each horizon 
increment, the mean standard error of between SOC stocks of replicate cores was 0.2 kg C m-2. 
We first examined the relationship between SOC stocks and water level metrics across depth 
increments, thus only wetlands with wells were used in this analysis (n=12 of the 19). Upon 
initial data exploration, we found that SOC stocks in the 0–10 cm depth increment did not 
respond to any water level metrics (Fig. 2.4). Therefore, we excluded 0–10 cm from our analysis 
of SOC stocks to account for the interaction effect and hereafter focus on SOC stocks in soil 
depth increments from 10–100 cm.  
Across depth increments, we found a significant linear relationship between minimum 
water level and SOC stocks, as wetlands with a lower minimum water level contained lower SOC 
stocks in each depth increment (P=0.03; Fig. 2.4C; Table 2.2). We also found a significant linear 
relationship between summertime inundation recession rate and SOC stocks, where wetlands with 
faster recession rates had lower SOC stocks in each depth increment (P=0.04; Fig. 2.4E; Table 
2.2). There were no significant relationships between SOC stocks in each depth increment and 
percent of year inundated, mean water level, and coefficient of variation in water level (Fig. 2.4A, 
2.4B, and 2.4D; Table 2.2).   
We selected only significant models (minimum water level and summertime recession 
rate) from the multiple linear regression across depth increments to scale up to the soil profile 
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from 10–100 cm. Both minimum water level and summertime recession rate were significantly 
related to SOC stocks from 10–100 cm (P=0.03 both tests; Table 2.2). Overall, minimum water 
level explained 41% of the variation in SOC stocks, as wetlands with lower minimum water level 
contained lower SOC stocks (Fig. 2.5A). Wetlands with faster summertime recession rates also 
contained lower SOC stocks (R2=0.38; Fig. 2.5B).  
3.4 How do SOC stocks within transect wetlands vary in response to water level and relative 
elevation? 
We compared SOC stocks across the transect from wetland center to upland at the five 
transect wetlands, again separating our analysis at 10 cm into 0–10 cm and 10–50 cm depth 
increments. In the top 0–10 cm, SOC stocks increased with decreasing mean water level (i.e., 
drier soils; P=0.0003; Table 2.3; Fig. 2.6A). Conversely, in the 10–50 cm depth increment, SOC 
stocks decreased with decreasing mean water level (i.e., drier soils; P<0.0001; Table 2.3; Fig. 
2.6C). We also tested the relationship between SOC stocks and elevation relative to the center of 
the wetland. Again, in surface soils (0–10 cm), SOC stocks increased with increasing relative 
elevation (i.e., drier soils; P=0.0001; Table 2.3; Fig. 2.6B). In deeper soils (from 10–50 cm), SOC 
stocks decreased with increasing elevation (P<0.0001; Table 2.3; Fig. 2.6D). 
4. Discussion 
This study is one of few to directly link wetland SOC stocks to metrics of hydrologic 
regime, such as water level magnitude, frequency, duration, and timing in freshwater mineral 
wetlands. First, we demonstrated that indicators of wetland drying, particularly minimum annual 
water levels and the rate at which inundation declines seasonally (i.e., summertime recession), 
were significantly correlated with SOC across our 12 wetland sites while the amount of time 
wetlands are inundated (often called, “hydroperiod”) was not. Although it was outside the scope 
of this study to measure C fluxes or soil O2 availability, our findings corroborate studies 
indicating that wetland SOC is controlled by increased decomposition associated with oxic 
conditions (e.g., Bernal & Mitsch, 2008; Spivak et al., 2019); however, this hypothesis requires 
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further study. Second, we found depth-dependent relationships between hydrology, soil 
characteristics, and SOC stocks as well as high SOC stocks at depth (>50 cm deep), which may 
represent an understudied but significant component of SOC storage in freshwater mineral 
wetlands. Finally, we found strong trends in SOC stocks across wetland–upland gradients within 
wetlands that reflect the influence of decreasing mean water level and increasing elevation on 
SOC stocks, which may be used to improve landscape-scale SOC models in wet forested areas. 
Overall, our research suggests that the magnitude and rate of drying are more strongly correlated 
with SOC than inundation duration in seasonally flooded wetlands. As methods to detect the 
presence of saturated or inundated conditions advance via remote sensing, understanding the 
relationship between SOC and wetland drying could improve models of wetland SOC.  
4.1 Indicators of drying were related to SOC stocks across wetlands more than inundation 
duration 
Our results indicate that metrics of wetland soil drying correlate more strongly to SOC 
stocks than inundation duration (Fig. 2.4; Fig. 2.5). We anticipate that wetlands with lower 
minimum water level and faster summertime recession rates become drier and experience more 
rapid fluctuations in wet-dry conditions, which would increase O2 availability as soils dry (Skopp 
et al. 1990, Moyano et al. 2013). Numerous studies have demonstrated that wetland soil drying 
increases C respiration, which may lead to a loss of SOC. First, wetland drying increases the rate 
of O2 diffusion into soils, causing oxic conditions that stimulate respiration and decomposition 
(Chapman et al., 2019; Davidson, Belk, & Boone, 1998; Fenner & Freeman, 2011; Inglett et al., 
2012; Morse, Ardón, & Bernhardt, 2012). Dry conditions also promote decomposition of C inputs 
to wetlands during leaf-off (September–October), reducing plant C inputs that might have 
otherwise contributed to SOC accumulation in wet soils (Day et al., 1988; but see Neckles & 
Neill, 1994). In contrast to drying soils, saturated or flooded soils are typically anoxic, which is 
linked to slower decomposition rates due to the reduced metabolic efficiency of anaerobic 
respiration (e.g., Day & Megonigal, 1993; Gingerich, Merovich, & Anderson, 2014; Hervé et al., 
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2019; McLatchey & Reddy, 1998; Wright et al., 2013; but see Stagg et al. 2018). Second, the 
temperature response of respiration is higher in oxic soils than anoxic soils (Chapman et al., 
2019; Chen et al., 2018), indicating that drying soils may experience further increases in 
respiration with warming in spring and summer. Third, fluctuating wet-dry conditions stimulate 
SOC and leaf litter decomposition (Reddy and Patrick 1975, Battle and Golladay 2001, Borken 
and Matzner 2009, Capps et al. 2014). Overall, we expect that the correlation between wetland 
SOC and indicators of wetland drying is due to the relationships between soil drying and 
respiration. Therefore, we anticipate that drying-induced decomposition is a control on SOC in 
these systems, though this hypothesis necessitates further testing. 
In contrast to the well-documented relationship between wetland soil drying and 
decomposition, our results indicate a more complex influence of saturation and inundation on 
SOC production in mineral wetlands. Several studies suggest that SOC inputs via root growth and 
aquatic primary productivity are enhanced under optimally flooded conditions (e.g., Cronk & 
Mitsch, 1994; Day & Megonigal, 1993; Watt & Golladay, 1999). Alternatively, others have 
suggested that C production is lower in saturated or inundated soils due to suppressed plant 
abundance, root growth, and microbial biomass (e.g., Dwire, Kauffman, & Baham, 2006; Ma et 
al., 2018; McLatchey & Reddy, 1998). We anticipate that primary productivity plays less of a 
role in SOC dynamics of studied wetlands because the wetlands studied here were purposely 
selected for their lack of emergent vegetation to better isolate the role of hydrology on soils; 
therefore, we expect that leaf litter inputs from the surrounding forest are a significant 
allochthonous C source to the soils of studied wetlands (Rubbo et al. 2006). While our results 
indicate that drying is associated with SOC in the wetlands studied here, relationships between 
hydrologic regime and SOC may be less strong than implied by our results in wetlands with 
herbaceous vegetation due to the variable influence of hydrology on autochthonous productivity.  
The hydrologic regime of seasonally flooded wetlands is sensitive to climate change, 
which is likely to impact wetland SOC (Fay et al., 2016; Johnson et al., 2005; McCauley et al., 
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2015). While the study period was wetter than average, we expect the metrics of hydrologic 
regime studied here to represent relative historic differences across wetlands that have influenced 
the formation of SOC for decades, and these relative differences would persist or be accentuated 
during drier years. However, as climate change is expected to cause more extreme, episodic 
precipitation and warmer temperatures in the northeastern U.S. (Climate Science Special Report: 
Fourth National Climate Assessment, Volume I 2017), shifts in the average hydrologic regime of 
seasonally flooded wetlands is likely to shape wetland SOC over time. For instance, longer, 
warmer growing seasons and longer rain-free periods between extreme precipitation events may 
increase summertime recession rates and cause minimum water levels to fall further below the 
soil surface, which we speculate could lead to increased decomposition, higher C emissions, and 
reduced wetland SOC over time. Previous research has shown significant, rapid impacts of 
decreased water tables and increased temperatures on peatland SOC (Koven, Lawrence, & Riley, 
2015; Schuur et al., 2015; Webster et al., 2014; Bridgham et al., 2008), but little is known about 
how climate change will impact freshwater mineral wetlands (Kolka et al. 2018). Freshwater 
mineral wetlands are important components of the global C cycle, emitting up to 70% more 
methane but sequestering C at approximately equivalent rates to peatlands across North America 
(Bridgham et al. 2006). Therefore, the implications of a drier, more episodic hydrologic regime of 
seasonally flooded wetlands with climate change is likely to have significant impacts on the 
global carbon cycle.  
4.2 The importance of deep SOC and depth-dependent controls on wetland C  
SOC stocks fell within the range for temperate freshwater wetlands reported by Pearse et 
al. (2018; ~30–120 kg C m-2). However, mean SOC stocks from 0–100 cm (32.2 ±1.9 kg C m-2) 
were higher than previously reported stocks for natural wetlands in the mid-Atlantic (21.5 kg C 
m-2 to 100 cm; Fenstermacher et al., 2016) and higher than SOC stocks for similar wetlands in the 
U.S (Bridgham et al. 2006, Nahlik and Fennessy 2016, Kolka et al. 2018). While we did not 
measure sequestration, depressional wetlands are known to have high SOC sequestration rates 
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(e.g., Bernal & Mitsch, 2012) and SOC stocks that increase with depth (Bernal and Mitsch 2008) 
even up to depths of 2 m (Fenstermacher 2012). Deep soil C may, in part, be caused by water rich 
in dissolved organic C moving down the soil profile, which would cause C to translocate from 
surface soils and be stabilized deeper in the soil profile, as proposed by Kaiser and Kalbitz 
(2012). Overall, we expect that the low topographic relief, generally shallow water tables, and 
depressional shape of our study wetlands contributes to relatively high C concentrations 
throughout the soil profile, especially at depths below 30 cm (Fig. 2.3).  
Our findings indicate that relationships between wetland SOC and other soil 
characteristics vary with depth in the soil profile. We found depth-dependent relationships 
between SOC stocks and hydrologic indicators (Fig. 2.4; Fig. 2.6), which suggests that other 
factors control SOC more than hydrology in surface soils. Such factors may include primary 
production, the composition and amount of water column dissolved organic C, and root or litter 
inputs. We also observed that the correlation between SOC and clay varied with depth, as SOC 
stocks increased with clay content only in the deepest soils (75–100 cm; Fig. 2.3F). In deep soils, 
clay content is indicative of fine sediment, which may indicate C translocation and stabilization in 
soils comprised of fine basin fill. Overall, our findings corroborate other recent studies 
identifying varying mechanisms of carbon preservation throughout the soil profile, whereby 
organic matter inputs and biology influence SOC in surface soils, but in deeper mineral layers, 
slower processes dominate and mineral surfaces become more important for SOC storage (Angst 
et al. 2018, Matteodo et al. 2018, Cagnarini et al. 2019). For instance, we found sharp increases in 
soil Fe concentrations below 50 cm depth at several wetlands (Fig. 2.3G), suggesting that 
potentially stabilizing interactions between SOC and Fe are most dominant in deep soils. 
Interactions between SOC and Fe (hydr)oxides stabilize SOC in terrestrial soils for centuries (von 
Lützow et al. 2006, Wagai and Mayer 2007, Kögel-Knabner et al. 2008); however, in wetlands, 
Fe may be solubilized and translocated illuvially down the soil profile, leaving SOC in wetland 
surface soils relatively vulnerable to decomposition under oxic conditions but increasing organo-
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mineral associations in deep soils. Further, these results further underscore the importance of 
examining deep soils (>50 cm) in wetland studies. The majority of SOC stocks in North 
American wetlands are deeper than 30 cm (Nahlik and Fennessy 2016), but most wetland soil 
studies overlook these deep SOC stocks by only examining surface soils in the upper 15 to 30 cm 
(e.g., Ballantine et al., 2012; Ballantine & Schneider, 2009; Bernal & Mitsch, 2008; Fennessy et 
al., 2018; Kim & Grunwald, 2016; Lewis & Feit, 2015). Our results indicate that studies focused 
only on shallow wetland soils may fail to capture the dynamics of significant amounts of SOC.  
4.3 Scaling up: changes in SOC across the wetland–upland gradient 
Within wetlands, we found generalizable, but contrasting trends in SOC stocks across the 
hydrologic gradient between the organic 0–10 cm depth increment and the mineral 10–50 cm 
depth increment (Fig. 2.6), further demonstrating that the response of SOC to hydrology varies 
throughout the soil profile. As expected, wetland SOC stocks from 10–50 cm decreased from 
wetland center to upland, which is likely caused by oxic conditions and faster decomposition 
rates in upland soils (Mitsch and Gosselink 2015). However, SOC stocks from 0–10 cm increased 
from wetland center to upland, which we expect is due to higher root growth in shallow upland 
soils than in shallow wetland soils, as has been found across wetland–upland transects in similar 
wetland systems (LaCroix et al. 2019). Our work identifies continuous-variable relationships that 
can be used to model landscape-scale wetland SOC stocks, building on prior studies showing 
significant differences in SOC stocks across topographic categories such as basin, transition, and 
upland (e.g.,Webster et al., 2011). Low relief, wet forests are ubiquitous throughout the 
northeastern U.S. but have previously been neglected in forest C models (e.g., Hurtt et al., 2019) 
and are poorly represented by upland SOC models (Trettin, Song, Jurgensen, & Li, 2001). As 
remote sensing and geospatial methods improve wetland inundation detection (e.g., Evenson et 
al., 2018; Lang, McCarty, Oesterling, & Yeo, 2013; Lang & McCarty, 2009), relationships 
between SOC and hydrologic regime may lead to more accurate, comprehensive models of  SOC 
stocks in wet forests.  
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Overall, our results indicate that the relationship between hydrology and SOC is a 
continuum and not a binary (e.g., wetland vs. upland). We found soils at the wetland perimeter 
contained higher SOC stocks than upland forest soils (Fig. 2.6), even though they are rarely 
saturated and do not meet the regulatory definition of a wetland (Tiner 1996). However, soils at 
the wetland perimeter may not receive the same jurisdictional protection as wetlands and may 
therefore be vulnerable to loss or degradation due to development. On the global scale, these wet-
but-not-wetland soils may contribute significantly to terrestrial SOC stocks, but are 
underrepresented in global wetland SOC estimates (Bridgham et al. 2006). A broader 
understanding of how hydrologic regime controls SOC stocks across the wetland–upland gradient 
could both improve SOC models and expand targets of wetland conservation for SOC storage. 
5. Conclusions 
This work highlights the importance of freshwater mineral wetlands in SOC storage and 
demonstrates that aspects of hydrologic regime related to wetland drying (i.e., minimum water 
level and summertime inundation recession rate) are correlated to SOC storage among seasonally 
flooded mineral wetlands. We found depth-dependent responses of SOC to hydrologic regime 
and soil characteristics, indicating the importance of studying SOC stocks below 30 cm to more 
fully understand the dynamics of the majority of wetland SOC stocks. We also found strong 
trends in SOC stocks across a hydrologic gradient within wetlands, suggesting that wetland 
perimeters contribute substantially to forest SOC storage despite not falling under the regulatory 
definition of a “wetland soil.” 
Freshwater mineral wetlands make up nearly 80% of all wetlands in the conterminous 
U.S. and forested wetlands have a high potential to act as a SOC sink, but are also vulnerable to 
SOC loss and C emissions as a result of climate change (Kolka et al. 2018). A more nuanced 
understanding of the role of hydrologic regime in wetland SOC storage may inform models of 
wetland SOC stocks over space across landscapes and over time with climate change. Overall, we 
demonstrate that hydrologic regime is a useful framework to study wetland SOC, and our results 
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suggest that changes to hydrologic regime, such as increased wetland drying, may have 
implications for SOC storage in seasonally flooded mineral wetlands. 
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Table 2.1. Water level metrics show that while all wetlands were inundated for most of the year, 






Table 2.2. Results from multiple linear regression of SOC stocks and water level metrics across 
depth increments (excluding 0–10 cm) and from simple linear regression of SOC stocks and 
water level metrics from 10–100 cm. Only significant models from the multiple linear regression 
were carried forward to simple linear regression. Minimum water level and summertime 





Table 2.3. Simple linear regression of SOC stocks across the transect, separated into 0–10 cm and 







Figure 2.1. Sampling locations in individual wetlands on the DEM (Panel A), where darker colors 
on the DEM indicate lower elevations of depressions. Wetlands are spread across four sites of 
varying elevation in the Upper Choptank and Tuckahoe Creek watersheds (Panel B).   
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Figure 2.2  
 
Figure 2.2. Temperature, precipitation, and water level data for water year 2018 (Panel A). Panel 
B depicts the mean daily water level, where positive water level indicates inundation above the 
soil surface. Wetlands are sorted in order of increasing duration of inundation, wetlands that were 





Figure 2.3  
 
Figure 2.3. Horizon characteristics by depth increment for each wetland, with mean depth trend in 
blue (Panels A, B, C, D, and G). Line colors represent wetland volume, which is arranged from 
wetlands with smaller volume (light gray) to wetlands with larger volume (dark gray). 
Relationships between physiochemical properties C within a sample show different relationships 






Figure 2.4. Results from multiple linear regression of C stocks and individual water level metrics 
by depth increment, including p-values after Holm correction and adjusted R2. Relationships in 
the 0–10 cm increment were not significant and were removed for further modeling and analysis; 





Figure 2.5. Model results for simple linear regression between C stocks from 10–100 cm and 





Figure 2.6. Stocks of C across the transect from wetland center to upland, at a subset of five 
wetlands. Models were conducted with mean water level for water year 2018 (left) and by 
elevation relative to wetland center (right). Stocks were separated into 0–10 cm (top) and 10–50 
cm (bottom) due to differences in C stock response. Statistical results in Table 2.3.  
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Supplemental S2. Semi-Variogram of global autocorrelation for C stocks, showing no spatial 





Supplemental S3. Simple linear regression between percent C and LOI for soil samples from 0-50 
cm (upper soil horizons) and 50-100 cm (lower soil horizons), with adjusted R2 for each model. 
The relationship between C and LOI is highly significant for the upper soil horizons (F(2, 41) = 
2216, P=2.6∙10-37). The relationship between C and LOI is also highly significant for lower soil 





Supplemental S4. Statistical results.  
S4A. Simple linear model to test the relationship between range in water level during water year 
2018 with summertime recession rate (n=12). 
 
 
S4B. Mean (standard error) soil properties by depth increment, with results from ANOVA of soil 
property by depth increment. Letters indicate significant differences between depth increments 
(Tukey’s HSD, P <0.05). 
 
 
S4C. Simple linear regression results between Percent C and soil properties, with separate models 




S4D. Linear Mixed Effects Model of C stocks from center of wetland to upland, for C stocks 
from 0-10 cm and 10-50 cm. Separate analyses were conducted for the fixed effects of mean 
water level and elevation relative to wetland center. Likelihood ratio test is the result of the Chi-
Squared Likelihood Ratio test on the goodness-of-fit between the model with the random effect 
(wetland) and the model without the random effect. For both metrics, the model with wetland as a 
random intercept is not significantly better than the simple linear model; therefore we proceeded 








S5. Results from regression of individual wetlands with mean water level (left) and elevation 
relative to center of wetland (right), to show variation in intercept between wetland when wetland 
is included as a random variable (Supplemental S4D). Differences among wetlands were not 
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